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ABSTRACT: Electrolyte conductivity contributes to the efficiency of devices for electrochemical conversion of carbon dioxide (CO2) into 
useful chemicals, but the effect of dissolution of CO2 gas on conductivity has received little attention. Here, we report a joint experimental-
theoretical study of the properties of acetonitrile-based CO2-expanded electrolytes (CXEs) that contain high concentrations of CO2 (up to 12 
M), achieved by CO2 pressurization. Cyclic voltammetry data and paired simulations show that high concentrations of dissolved CO2 do not 
impede the kinetics of outer-sphere electron transfer but decrease solution conductivity at higher pressures. In contrast with conventional be-
haviors, Jones reactor-based measurements of conductivity show a non-monotonic dependence on CO2 pressure: a plateau region of constant 
conductivity up to ca. 4 M CO2 and a region showing reduced conductivity at higher [CO2]. Molecular dynamics simulations reveal that while 
the intrinsic ionic strength decreases as [CO2] increases, there is a concomitant increase in ionic mobility upon CO2 addition that contributes 
to stable solution conductivities up to 4 M CO2. Taken together, these results shed light on the mechanisms underpinning electrolyte conduc-
tivity in the presence of CO2 and reveal that dissolution of CO2, although nonpolar by nature, can be leveraged to improve mass transport rates, 
a result of fundamental and practical significance that could impact the design of next-generation systems for CO2 conversion. Additionally, 
these results show that conditions where ample CO2 is available at the electrode surface are achievable without sacrificing the conductivity 
needed to reach high electrocatalytic currents. 

1. INTRODUCTION 
Molecular-level electrolyte design holds great promise as a strategy 

for improving the selectivity, efficiency, and stability of electrochemical 
processes.1,2,3 This is because of the recognized importance of funda-
mental, intermolecular interactions in governing the structure of the 
electrochemical double layer and the reaction-diffusion region near elec-
trodes in which electrochemical and electrocatalytic processes take 
place.4,5 Modifications to the structure and composition of these critical 
microenvironments have been demonstrated to result in dramatic 
changes in chemical reaction outcomes, particularly in the arena of elec-
trosynthetic work.6  

Within the booming field of electrochemical carbon dioxide (CO2) 
conversion and utilization, numerous studies have explored how micro-
environment tuning affects catalysis.7,8,9,10 An important example of such 
behavior is the addition of Lewis acidic cations to aqueous electrolytes; 
cations have been shown to impart changes in local electric fields and 
solvation effects, resulting in enhanced product yields.11,12,13 Similarly, 
very impactful work has demonstrated how the composition and struc-
ture of layered gas-diffusion electrodes (GDEs) can be used to signifi-
cantly improve selectivity for the generation of multi-carbon products 
from CO2 in electrolyzers.14,15 In these electrolyzers, the GDEs appear 
to enable improved local concentrations of available CO2 for conver-
sion.16 

In our recent work, we have been developing CO2-rich organic elec-
trolyte solutions as media for electrocatalytic CO2 conversion, moti-
vated by the apparent requirement in electrocatalysis for high substrate 
concentrations near the electrode surface to enable robust turnover.17,18 
In our media, multi-molar concentrations of CO2 can be achieved at 
pressures (10-800 psi) that are milder than those needed to generate su-
percritical CO2 (1071 psi).19,20 Because the volume of the liquid phase 
expands with increasing CO2 pressure — to the extent that it is visible to 
the naked eye in an appropriate view cell — we have termed these media 
as CO2-eXpanded Electrolytes (CXEs). We have experimentally con-
firmed a nearly exponential increase in dissolved CO2 in CXEs up to 15 
M or so, as shown in Figure 1, opening a wide chemical space of CO2 
concentrations for exploration, which contrasts with a rather limited 
concentration space afforded by near-ambient work in the field.  

 



 

 
Figure 1. Pressure-dependent concentration of CO2 in CXEs. The dot-
ted black line is the concentration of CO2 in water based on Henry’s law 
calculations. 

Considering the significant activity across disciplines around electro-
lyte engineering and CO2 conversion,21 it is surprising that few studies 
have examined the consequences of dissolution of high millimolar to 
molar quantities of CO2 in media used for electrochemistry.22 In part, 
this lack of attention may be attributable to the multiple, interrelated 
phenomena involved: dissolution of CO2 into liquids has been shown to 
result in decreased overall polarity (dielectric constant),23 increased dif-
fusivity of solution components,24 decreased charge screening, and in-
creased ion pairing in cases where ions are present.25 However, to the 
best of our knowledge, these molecular phenomena have not been ex-
plored in the context of CO2-rich electrolyte engineering. In light of the 
opportunities afforded by CXE media, we anticipated that quantifica-
tion of the effect of CO2 dissolution on solution conductivity in CXEs 
could afford an experimental platform upon which to explore the funda-
mental interactions impacted by dissolution of large concentrations of 
CO2. We also anticipated that joint theoretical work could examine the 
dielectric, diffusive, and electrostatic contributions to electrolyte behav-
ior, informing the use or design of electrolytes for specific applications. 

Here, we report a joint experimental-theoretical investigation of the 
molecular behaviors and fundamental interactions that underpin the 
CO2-concentration-dependent solution conductivity of organic electro-
lytes containing acetonitrile (MeCN) and tetrabutylammonium hex-
afluorophosphate (TBAPF6). Contrasting with conventional liquid-
phase behavior wherein dilution of the ionic charge carriers of the elec-
trolyte results in a linear decrease in solution conductivity, molecular dy-
namics (MD) simulations reported here show that at moderate concen-
trations, the high diffusivity of CO2 effectively serves to diminish the 
consequences of its low dielectric constant. Solution conductivity data 
in conventional electrolytes and CXEs were measured in a reactor cell 
appropriate for pressure-dependent electrochemistry with a custom-
fabricated Jones-geometry apparatus that was based on analogous de-
vices reported for use at ambient pressures; simulations of cyclic voltam-
metry data from three-electrode measurements also support the conclu-
sions drawn from the theoretical work. Taken together, our findings pro-
vide a comprehensive picture of the molecular influences that CO2 can 
exert on organic electrolyte solutions.  

 

2. RESULTS 
2.1. Quantification of CO2 Dissolution at Pressure with Volu-

metric Expansion. Our CXEs are conceptually related to an established 
class of organic media known as CO2-eXpanded Liquids (CXLs) and 

can be well understood in this context, particularly from the standpoint 
of their vapor-liquid equilibrium (VLE) behavior.26,27,28 Summarizing, at 
the relatively mild pressures explored in this work, the critical properties 
of CO2 (Tcritical = 31.1 °C; Pcritical = 1071 psi) drive a nearly exponential 
increase in liquid-phase gas solubility in organic solvents such as acetoni-
trile. The pressure range explored in our studies here (up to ca. 800) psi) 
can be judged as mild relative to pressures utilized in certain industrial 
processes that are currently practiced on large scales (see Discussion 
Section for more details). Although work under pressure imposes an en-
ergy penalty in any case, significant advantages can be exploited, as we 
describe in this work. The increased solubility of CO2 under pressuriza-
tion is one of these key advantages. The improved solubility leads to sig-
nificant volumetric expansion (VE) of the liquid phase; the VE must be 
quantified for work in expanded media to proceed, as the pressure de-
pendence of the liquid phase volume must be determined. With 
knowledge of this relationship in hand, the concentration of analytes of 
interest that are present can be reliably determined for chemical work. 
The VE properties of pure MeCN pressurized with CO2 have been 
known for many years,28 but as electrochemical experiments require 
electrolytes, our prior work19 expanded the knowledge of VE to electro-
lyte-containing MeCN-based solutions for the first time. 

In the work reported here, the concentration of the electrolyte salt 
was fixed at a given concentration prior to pressurization with CO2, in 
order to enable controlled conditions and comparison of measurements 
made upon pressurization. Measurements of the VE properties of spe-
cific electrolyte solutions upon pressurization were required to obtain 
the pressure-dependent concentrations of the MeCN and supporting 
electrolyte salt, and offered the prospect of examining the influence of 
electrolyte concentration on the volumetric expansion behavior itself. 
Consequently, our work here began with measurement of the pressure-
dependent properties of acetonitrile solutions containing the TBAPF6 
electrolyte. TBAPF6 was selected for this work as it is among the work-
horse electrolytes used for organic electrochemistry and it is commer-
cially available. As shown in Figure 2, the addition of 0.4 M TBAPF6 to 
pure, dry MeCN does not impede the formation of expanded media that 
contain high CO2 concentrations (Figure 2, green points). The addition 
of supporting electrolyte to MeCN, however, does result in a flattening 
of the curve for subsequent volumetric expansion of that solution, mean-
ing that less gas can be dissolved. However, the solution in all cases here 
remains capable of holding significant amounts of CO2, comparing well 
with neat MeCN. Increasing the TBAPF6 concentration to 1.0 M (Fig-
ure 2, orange points) further depresses the volumetric expansion, a be-
havior in line with the other two cases shown here which suggests that 
expansion of the MeCN component of the solution is responsible for the 
ability to form CXE media. And, we note here that in both the cases of 
addition of either 0.4 M or 1.0 M TBAPF6 to the starting MeCN solu-
tion, expansion with CO2 does not cause precipitation of the electrolyte.  

For comparison to these findings, use of water as a solvent leads to 
minimal volumetric expansion, as shown in the relevant literature.26 Sim-
ilarly, the concentration of CO2 in H2O as a function of pressure is con-
strained by Henry’s Law (see Figure 1), resulting in an essentially linear 
increase in the concentration of CO2 in H2O; this linear behavior con-
trasts markedly with the more significant, virtually exponential increase 
in CO2 concentration that can be achieved by using MeCN as the co-
solvent for gas dissolution. 



 

 
Figure 2. VLE curves at 25°C with CO2 pressurization at varying initial 
amounts of TBAPF6. Uncertainty associated with the VLE data is given 
as ±1σ, and was determined from triplicate data sets. 

2.2. Electrochemical Simulations. The VE data shown in Figure 2 
represent a continuum of pressure-tunable media containing large 
amounts of CO2. The amount of CO2 present at a given pressure was 
quantified in our prior measurements that extracted the CO2 concentra-
tion for the case where [TBAPF6]0 = 0.4 M.19 Here, our goal is to directly 
interrogate the effects of the dissolved CO2 on the electrochemical prop-
erties of the resulting CXEs at our accessible range of pressures. Initially, 
we focused our work on the electrochemical response of ferrocene under 
CXE conditions; we selected ferrocene as our redox-active probe mole-
cule in light of this species’ solubility in CXE media as well as its (elec-
tro)chemical stability.29 Ferrocene has also been established to display 
intrinsically fast electron transfer behavior, making it attractive for judg-
ing the ideality of voltammetry under various conditions.30 In the past, 
we have found ferrocene is soluble in CXEs and that its Fe(III)/Fe(II) 
reduction potential in CXEs remains similar to the established value un-
der routine conditions in MeCN-based electrolytes.19  

Pressurization of solutions containing an initial concentration of 0.4 
M TBAPF6 in a Parr reactor outfitted with a custom-designed cap with 
appropriate feedthroughs for electrochemical studies revealed that the 
iron-centered redox cycling of dissolved ferrocene could be measured by 
cyclic voltammetry (CV) over the full range of CO2 pressures accessible 
in our CXE media (see Figures 3 and S2). The ferrocene redox couple 
measured under these conditions retained the conventional, quasi-re-
versible appearance of this fast redox couple, in line with the expected 
chemical stability of both the Fe(II) and Fe(III) forms of the compound 
in CXEs. However, the peak-to-peak separation (ΔEp) displayed by this 
redox couple grows systematically larger as the applied CO2 pressure is 
increased (Figure 3 and Figure S2). On the one hand, the CO2 pressure 
dictates the concentration of CO2 present in the CXE media; thus, the 
dissolution of CO2 can be identified as being causative for this change in 
ΔEp. On the other hand, there are two primary mechanistic origins that 
could be responsible for the increased ΔEp: an increased resistance of the 
bulk solution or a decrease in the heterogeneous electron transfer kinet-
ics for ferrocenium/ferrocene redox cycling.31  

 

 
Figure 3. Experimental and simulated cyclic voltammetry of Fc+/0 col-
lected at 50 (0.1 M CO2) and 740 psi CO2 (12 M CO2). Shaded areas 
are Fc peak-to-peak separation. Conditions: working electrode HOPG, 
counter electrode Pt wire, reference electrode Pt wire, and scan rate 
100mV/s.  

To distinguish these possible origins for the increased peak-to-peak 
separation, we turned to simulation and fitting of our electrochemical 
data using the DigiElch software package. We were focused on investi-
gating pressure-dependent changes in solution resistance (RSol) and/or 
heterogeneous electron transfer rate (k°), so we input the 1e– process for 
chemically reversible oxidation/reduction of ferrocene/ferrocenium as 
the electrode-driven process to be modeled by the program. Our exper-
imental voltammograms were also loaded into the software for fitting 
and extraction of key variables, but we do note that relevant experimen-
tally known values for certain quantities were also input to the software, 
including the double-layer capacitance (1.0 x 10−5 F),32 area of our work-
ing electrode (0.15 cm2), temperature (25°C), and pressure-corrected 
concentration of ferrocene in solution (2 mM). On the basis of the ap-
pearance of the voltammetry and the well-established molecular proper-
ties of ferrocene, we set the initial value of the charge transfer coefficient 
(α) to 0.5. The potential for the single iron-centered redox couple in our 
data was also input, and was fixed for purposes of the simulations, in line 
with the previously measured pressure-independence of the potential. 
In terms of the fitting process, we explored both allowing the determin-
ing parameters (RSol, k°) to float as well as manually simulating individ-
ual sets of values for these variables to explore trends.  

Satisfactory agreement between the experimental and simulated data 
could only be obtained when the value of the solution resistance (RSol) 
in the model was increased as a function of increasing pressure. At near-
ambient conditions, the solution resistance was ca. 60 Ω, but the esti-
mated resistance markedly increased up to ca. 470 Ω at 740 psi (see Ta-
ble 1). On the other hand, satisfactory fits to the voltammetry could not 
be obtained when the corresponding heterogeneous electron transfer 
rate (k°) was varied from fast to slow across the pressure range studied. 
Notably, a sensitivity study of the effect of decreasing the value of k° in 
the model revealed that, although ΔEp was dependent on k° as expected 
and increased as the electron transfer rate was decreased, the overall 
agreement between the experimental and simulated voltammetry pro-
files was poor when manipulating these two variables simultaneously. 
The overall shapes of simulated waves for ferrocenium/ferrocene



 

Table 1. Pressure tunability of electrochemical properties of [0.4 M TBAPF6]0 MeCN solution containing ferrocene. 

 aDiffusion coefficients were determined through simulations of experimentally collected Fc+/0 cyclic voltammetry at each pressure. bResistance values 
collected through EIS measurements. Uncertainty (given as ±1σ) was calculated from EIS measurements at 1,0, −1 V vs. Fc+/0.

redox were poor matches to the experimental data when only k° was 
modulated (see Figure S1). Experimental measurement of RSol using 
electrochemical impedance spectroscopy (EIS) returned values that 
could be used in the simulations to obtain reasonable agreement be-
tween the experimental and modeled voltammograms (see Table 1).  

The diffusion coefficients for ferrocene (DR) and ferrocenium (DO) 
were also determined through these simulations, and the resulting val-
ues show that pressurization with CO2 also drives an increase in these 
quantities, particularly at the highest pressures (see Table 1). These ob-
servations are consistent with our working hypothesis that CO2 dissolu-
tion results in the liquid phase becoming more “gas-like” in its behavior 
and thus produces greater mobilities of species present under pressur-
ized conditions. This trend is also consistent with observations of im-
proved mass transport in CXL media.33 The observation of enhanced 
diffusion of ferrocene and ferrocenium upon CO2 pressurization is also 
consistent with the results of theoretical calculations carried out in the 
course of this work (vide infra).  

2.3. Conductivity.  Modeling of the cyclic voltammetry data revealed 
that the composition of our CXE media impacts most of the key features 
of the electrochemical response. We anticipated that a key driver of these 
changes was the pressure-dependence of the solution conductivity (σ), 
and thus pursued rigorous measurements of σ under our experimental, 
pressurized conditions. It was necessary to collect the conductivity data 
in a standardized, appropriate manner that would be ultimately compat-
ible with theoretical simulations; therefore, we designed and con-
structed a Jones-geometry device to measure the conductivity of CXE 
media under pressure.34  The solution conductivity, σ, represents the in-
trinsic ability for a solution containing cations and anions to carry cur-
rent during electrochemical experiments. Our device was designed to 
withstand pressure while being in line with NIST recommendations for 
measurement of intrinsic conductivity values, thus facilitating compari-
sons across conditions (see Experimental Section for details). The con-
ductivity, σ, of a solution is defined by Eq. 1 and calculated from the cell 
constant (the ratio of distance separating the parallel-facing working (l) 
and their cross-sectional areas (A), divided by the solution resistance 
measured by EIS:  

                                        𝜎 =
! !""
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The conductivity data collected across the full pressure range for our 

CXE media are shown in the blue points in Figure 4, revealing two 

regimes of behavior. In the first regime, we observed a virtually pressure-
independent behavior wherein the solution conductivity was found to 
be invariant as a function of CO2 pressure. This invariance with pressure 
held despite the dilution of the dissolved electrolyte from the initial con-
centration of 0.4 M down to ca. 0.31 M. In the second regime, with pres-
sures of CO2 around 450 psi and greater, we measured a linear decrease 
in conductivity. Prior findings from the literature show that, under con-
ventional conditions, solution conductivity decreases linearly with de-
creasing ionic strength.35 Thus, our findings in these CXEs contradict 
this expected behavior, based only on ionic concentration. However, as 
previously stated, this is not the sole factor that contributes to conduc-
tivity, and thus other effects, identified by molecular dynamics simula-
tions (vide infra), must also be taken into account.36 

Pressure / psi 50 250 450 550 650 740 

[CO2] / M 0.1 1.8 4.8 6.9 9.3 11.7 

[TBAPF6] / M 0.40 0.36 0.30 0.26 0.21 0.15 

ΔEP(Ex) / mV 68 77 92 85 100 192 

ΔEP(Sim) / mV 69 69 77 82 95 175 

Do / x10−5 cm2 s−1 a 0.9 0.9 1.4 1.4 1.5 3.1 

DR / x10−5 cm2 s−1 a 0.9 0.9 1.6 1.6 1.2 2.0 

RSol / Ω b 57 ± 1 58 ± 1 75 ± 1 91 ± 1 167 ± 1 470 ± 1 



 

 
Figure 4. Experimental (0.4 M TBAPF6 MeCN) and theoretical (0.4 M 
TPrAPF6 MeCN) conductivity of the solution with increasing amounts 
of CO2. Experimental uncertainty (top panel) is derived from replicate 
EIS measurements at ~500 psi CO2 (Figure S6) and is shown at the 68% 
confidence interval (±1σ). Uncertainty in the theory values were calcu-
lated using block averaging over 5 simulations and shown at the 95% 
confidence interval using Student’s t-distribution. Uncertainties for bot-
tom panel are 68% confidence intervals (±1σ) were calculated from rep-
licate EIS measurements of initial 0.4 M TBAPF6 MeCN solution (Fig-
ure S5). 

Having observed the unconventional case of two different regimes of 
pressure-dependent solution conductivity in the data shown in Figure 4, 
we next moved to collect complementary data that could identify any 
unique features obtained from dilution of our electrolyte solution with 
CO2 rather than a more traditional diluent such as a second liquid or-
ganic solvent. For this purpose, we used two different liquid organic sol-
vents, acetonitrile (MeCN) and diethyl ether (Et2O). In both cases, an 
initial solution with [TBAPF6]0 = 0.4 M in MeCN was prepared, and 
conductivity measurements with our Jones-type device were collected 
as a function of dilution of the starting solution with either further 
MeCN or Et2O. In the case of MeCN dilution, the measured conductiv-
ity decreases in a virtually linear fashion upon dilution of the TBAPF6 
concentration (Figure 4, green points). This also appears to be the case 
with Et2O dilution; dilution of the electrolyte solution with Et2O shows 
a nearly linear decrease in conductivity. However, there does appear to 
be a slight curvature to the decrease in the case of Et2O, most apparent 
around 0.325 M (Figure 4, orange points). This slight deviation from 
linearity could be attributed to the differences in viscosity between 
MeCN and Et2O; use of Et2O can be safely concluded to decrease solu-
tion viscosity and enhance diffusion of the ions. (The viscosities of neat 
MeCN and Et2O are 0.369 and 0.224 mPa•s, respectively. 37)  We em-
phasize however that the deviation from a single, linear behavior as 

displayed by conventional solutions is most significant in the case of di-
lution with CO2 in Figure 4 blue points.35 

In addition to the slight deviation from linearity in the dilution-de-
pendent conductivity data using Et2O, we also identified several other 
key insights. The more negative slope/dependence of the conductivity-
vs-concentration plot obtained for the case of dilution with Et2O can be 
superficially understood to arise due to the smaller dielectric constant of 
Et2O (4.27) in comparison to that of MeCN (36.64).37 In the case of 
Et2O, the lower dielectric constant can be identified as driving decreased 
charge stabilization/screening, with the result of greater anion/cation 
pairing in solution as the overall polarity of the medium decreases. In the 
case of dilution with MeCN, there is a less significant change in polarity 
as the concentration of the electrolyte decreases, resulting in minimal 
increases in ion pairing in solution and thus a less significant drop in so-
lution conductivity as the overall electrolyte concentration is decreased. 
This trend observed with the MeCN dilution was further confirmed 
with MD simulations with good agreement found between the experi-
mental and theoretical data (Figure S7). Upon seeing these trends, we 
hypothesized that ion concentration alone is not the key determinant of 
the two-regime behavior observed in Figure 4, rather, we hypothesized 
that CO2-induced modulations of anion-cation interactions and individ-
ual ion mobilities could contribute as well. Inspection of the slopes of 
the linear regions in the data shown in Figure 4 provides an indication 
that this may be the case, as the slope for dilution with CO2 (–0.10 S cm–

1 M–1) is approximately twice as negative as that found in the case of Et2O 
dilution (–0.05 S cm–1 M–1). This situation can be ascribed to the non-
polar nature of CO2. 

As electrolytic conductivity is affected by the solution mobilities of 
the cations and anions present, we turned back to our CV data and mod-
eling work (Sec. 2.2) to search for any indications of pressure-dependent 
changes in mobility. Indeed, we observed that the diffusion of both fer-
rocene and ferrocenium accelerate as [CO2] is increased in the liquid 
phase. This is evident in the generally increasing values of DO and DR at 
higher pressures (Table 1). However, we note here that the increased 
diffusivity of these redox-active molecules could be merely representa-
tive of greater overall diffusivities for all the molecules present in solu-
tion as the pressure is increased. Thus, the MeCN molecules as well as 
dissolved NBu4

+ and PF6
– ions should undergo faster diffusion as the 

CO2 pressure is increased. Additionally, we note that the information 
from the voltammetry and related simulations, taken together with the 
rigorous measurements of conductivity in the Jones-geometry device, 
point to the same conclusion: the solution conductivities of CXE media 
are relatively constant at low-to-moderate pressures but decrease at 
higher pressures beyond a threshold value around 400 psi (cf. data in 
Table 1 and Figure 4). The qualitative conclusions are the same from 
both types of measurements, but the intrinsic solution conductivity is 
most appropriately quantified for comparisons in the Jones-geometry 
work. In order to decouple the individual influences of fundamental mo-
lecular interactions on the observed two-regime behavior of the pres-
sure-dependent CXE conductivity measurements, we turned to MD 
simulations to rigorously quantify the various factors underpinning the 
observed regimes of experimental data.  

2.4. Theory and Molecular Dynamics Simulations. The uncon-
ventional nature of the two-regime behavior in the experimental con-
ductivity data shows, importantly, that even though the concentration of 
available electrolyte decreases up to CO2 pressures of ca. 450 psi and be-
yond, the actual conductivity of the solution shows a virtually pressure-
independent value. This indicates that, in an electrochemical system for 
CO2 conversion at elevated pressures, there would be minimal addi-
tional resistive penalty up to an operating pressure of 450 psi. This pro-
vides a strong impetus for understanding the factors determining this 
behavior, which can provide key design principles for such electrocata-
lytic systems.  To accomplish this we used MD simulations, which can 



 

elucidate the molecular-level mechanistic details of how the ions interact 
with the solution components and how these interactions, in turn, influ-
ence the conductivity of the solution.  

Molecular dynamics simulations were performed using the Large-
Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).38 
Six systems were constructed to correspond with experimental ion con-
centrations within the range of experimental CO2 pressures. In the MD 
simulations, the cation used was tetrapropylammonium (TPrA+), a 
choice that simplifies the number of degrees-of-freedom for each indi-
vidual cation while retaining the aliphatic-chain character of tetrabu-
tylammonium, and the anion was hexafluorophosphate. The volume for 
each system was based on the initial electrolyte concentration (provided 
from experiment) and the fixed value of 20 ion pairs per system; the 
number of CO2 molecules were then determined based on the measured 
CO2 concentration for each pressure. Using the calculated equilibrium 
volume for each concentration, five constant volume and temperature 
simulations were propagated for a 1 ns equilibration, followed by a 25 ns 
production run at 298.15 K. Further simulation specifications and force-
field parameters are included in the SI, see pp. S20-S23. From each 25 
ns run, configurations and momenta were written every 50 fs. The mean 
squared-displacement (MSD), solution conductivity, shear viscosity, 
and radial distribution functions (RDFs) were calculated. Errors in the 
computed values were calculated using block averaging over the 5 simu-
lations and were reported as 95% confidence intervals using the Stu-
dent's t-distribution.39  

Generalized diffusion coefficients were calculated from the MSDs, 
Eqs. 2-4 (see Experimental Section), for the ionic species in the system 
and are shown in Figure 5a. With increasing CO2 pressure, the self-dif-
fusion coefficients of both the cation and anions increase monotonically 
before plateauing around 550 psi. In addition to the cation and anion 
self-diffusion coefficients, the correlated displacements of the ions (cat-
ion-cation, anion-anion, and cation-anion) contribute to the solution 
conductivity via non-Nernst-Einstein effects40 as indicated in Eqs. 5 and 
6 (see Experimental Section). These terms quantify the correlation be-
tween the diffusive motion of different ions. They are also shown in Fig-
ure 5a and increase in magnitude with CO2 pressure.  

 
Figure 5. Ionic contributions to the (a) diffusion coefficients and (b) 
solution conductivity as a function of decreasing electrolyte concentra-
tion (increasing CO2 pressure) are provided for the total (black), cation 
(blue), anion (red), cation-cation (cyan), anion-anion (magenta), and 
cation-anion (green) contributions. The data (in cyan) for cation-cation 
contributions are nearly identical to those for anion-anion contributions 
(in magenta). 

Unlike the diffusion coefficients, the solution conductivity includes 
each factor weighted by the number of ions or ion pairs and divided by 
the volume (Eqs. 5 and 6; see Experimental Section).  The simulated to-
tal conductivity shown in Figure 4 is also plotted in Figure 5b along with 
the different components just discussed. This correlated behavior of the 
ions, particularly at higher CO2 pressure, shows that the Nernst-Einstein 
equation, which approximates the conductivity based only on the ion 
self-diffusion coefficients, is not a good approximation for the solution 
conductivity of this system. Therefore, we used the Einstein formula41 to 
calculate the solution conductivity, as it incorporates these ionic corre-
lated diffusion terms (Eqs. 5-7; see Experimental Section).  

Using these methods, we obtained excellent agreement between our 
theoretically-predicted values of the pressure-dependent conductivity 
and the experimentally measured values (see Figure 4, pink and blue 
points, respectively). We see that the overall behavior of the solution 
conductivity is driven by the competing contributions from ion self-mo-
bility and ionic correlated mobility (Figure 5b). At low CO2 pressure, 
the solution conductivity is mainly represented by the contributions 
from the anion and cation self-diffusion, with minor inhibition from the 
cation-cation, anion-anion, and cation-anion correlated diffusion. Note 
that the solution conductivity includes a factor of the inverse solution 
volume, which leads to a decrease in the ion self-diffusion component 
with increasing expansion (ion dilution). In addition, as CO2 pressure 
increases, the like-charge ionic correlated diffusion factors grow in, 



 

showing the impact of repulsive forces to promote overall solution con-
ductivity. At the same time, the opposite charge ionic correlated diffu-
sion continues to decrease, becoming the competing factor of ionic at-
traction that ultimately drives the overall solution conductivity to de-
crease with increasing CO2 pressure.  

To elucidate the solution effects that contribute to these diffusion and 
solution conductivity behaviors, we investigated the viscosity of the so-
lutions with varying electrolyte and CO2 concentrations. The shear vis-
cosity was calculated using the Green-Kubo relation (Eq. 8; see Experi-
mental Section) by considering the time-correlated behavior of the pres-
sure tensor autocorrelation function. We observe that as CO2 pressure 
increases, the viscosity of the system dramatically decreases (Figure 6a). 
This can be directly correlated with the increased mobility of the ionic 
species in solution, and can be considered as a factor promoting solution 
conductivity. We also calculated the coordination number from the cat-
ion-anion radial distribution function (RDF) for each system (Eqs. 9 
and 10; see Experimental Section) (Figure 6b). As CO2 pressure in-
creases, the average number of anion-cation ion pairs increases. At high 
CO2 pressure, the system is greatly diluted, yet the anion-cation interac-
tions increase. We can consider this as an effect of the decreased solution 
screening between ions due to increased incorporation of CO2, a small, 
non-polar molecule. This behavior competes with the effects of the de-
creasing viscosity over the same regime, and further contributes to the 
concept that ion-pairing with simultaneous electrolyte dilution is the 
main driver of diminished solution conductivity at high pressures of 
CO2.  

 

 

Figure 6. (a) Shear viscosity and (b) coordination number from the cat-
ion-anion RDF as a function of decreasing electrolyte concentration. 
Shaded regions show 95% confidence intervals. 

2.5. Influencing Pressure-dependent Conductivity. The results of 
the MD simulations show that the pressure-dependent diffusivities of 
the anions and cations present in the electrolyte contribute to the solu-
tion conductivity, and that cross-interactions involving charge screening 
and ion pairing that are driven by the net solvent polarity can decrease 
conductivity. These observations suggest that both i) the pressure-inde-
pendent regime of conductivity could be accessible at higher ionic 
strengths, and ii) that higher ionic strengths could drive even greater 
conductivities than those measured in our workhorse case of [TBAPF6]0 
= 0.4 M.  

Therefore, we explored the pressure-dependent conductivity of the 
higher ionic strength case where [TBAPF6]0 = 1.0 M. Using our VE data 
for this case (see Figure 2, orange points) and the Jones-geometry de-
vice, we measured conductivity over a similar range of pressures used for 
conductivity measurements at [TBAPF6]0 = 0.4 M (see Figure 7). On 
the one hand, the results show that increasing the concentration of sup-
porting electrolyte ([TBAPF6]0 = 0.4 M vs. 1.0 M) results in an increase 
in conductivity; for example, at 700 psi, the conductivity increases from 
0.0073 to 0.025 S cm–1, respectively. This suggests that dissolution of 
additional ions into solution can overcome the ion pairing effect that is 
driven by dissolution of nonpolar CO2 at higher pressures. On the other 
hand, the increase in conductivity is far less than the factor of 2.5 ex-
pected based only on concentration, especially at the highest CO2 pres-
sures. This is in accord with a greater tendency toward ion pairing at 
higher ionic strengths, particularly in the presence of high levels of dis-
solved CO2. This observation shows that there is a diminishing return in 
terms of achieved conductivity when more electrolyte is dissolved, alt-
hough gratifyingly, the regime of pressure-independent conductivity re-
mains even at the conditions where [TBAPF6]0 = 1.0 M; this suggests 
that high-pressure organic electrochemical work with CO2 is quite 
promising, in that conditions where ample CO2 is available at the elec-
trode surface are achievable without sacrificing the solution conductivity 
needed for establishing high currents in electrocatalysis.  

 
Figure 7. Conductivity of [1.0 M TBAPF6]0 MeCN solution. Uncer-
tainties (given as ±1σ) were calculated from replicate EIS measure-
ments. 

3. DISCUSSION 
The electrolyte can be an overlooked component in electrochemical 

work, in that “off-the-shelf” electrolytes are often utilized without con-
sideration of how results could be optimized by selection of a specific, 
tailored electrolyte or how the use of tunable conditions might affect re-
sults. However, the composition of the electrolyte has been shown to ex-
ert significant influences over electrochemical processes, as shown in a 
variety of both older and more recent works.42,43,44 The two-regime 



 

behavior revealed in the pressure-dependent conductivity data reported 
here fits into this theme, showing that dissolution of large (up to ~15 M) 
concentrations of CO2 contributes to an unconventional conductivity 
profile. Theoretical work was used here to reveal the individual contri-
butions of the fundamental behaviors of the ions in solution to these ob-
servations; the simple concentration of the electrolyte salt present in so-
lution has been shown by this work not to be the sole factor that deter-
mines conductivity. This is unique, it appears, for the case where CO2 is 
added to organic electrolytes at significant concentrations and contrasts 
with conventional/historical relationships that are understood to under-
pin ionic conductivity in organic solutions.45  

We were motivated to pursue this study by the enduring interest in 
the chemistry and engineering communities toward using electrochem-
ical and electrosynthetic methods to activate CO2 for generation of 
more useful chemicals, either in direct electrocatalysis or perhaps elec-
trosynthetic approaches pairing CO2 with redox-active co-reactants. In 
both cases, we note that as CO2 is a reactant; obtaining high space-time 
yields of products requires sufficiently high concentrations of CO2 to 
support the current densities desired in the ultimate electrochemical de-
vices.46,47 Our work shows that high CO2 concentrations can be achieved 
in CXEs without a major penalty in solution conductivity, and that dis-
solution of CO2, although it is non-polar, can actually contribute help-
fully to stable conductivity at low-to-moderate pressures. At the highest 
pressures, there is a penalty in conductivity for dissolving very high con-
centrations of CO2. However, increasing the initial concentration of 
TBAPF6 from 0.4 M to 1.0 M in our configuration results in an attenua-
tion of this penalty (judged by the slopes of the linear regions in the data 
shown in Figures 4 and 7; see Figure S8); the CO2-driven conductivity 
change drops from −5.2 x 10−5 S cm−1 psi−1 for the 0.4 M case to –3.5 x 
10−5 S cm−1 psi−1 for the 1.0 M case. The different magnitudes of these 
slopes, along with the two-regime behavior highlighted above, point to 
the importance of understanding fundamental interactions when engi-
neering electrolytes that can support the chemistry of interest in a given 
solution/device.  

Turning to the implications of these findings for use of CXEs for cat-
alytic CO2 conversion and electrosynthesis,17,18,19 we have previously ob-
served an intriguingly common optimum pressure for conducting catal-
ysis that is near 400-450 psi in all cases. In particular, our studies of the 
heterogeneous catalysis of CO2-to-CO conversion on Au and electro-
synthesis of atrolactic acid on carbon revealed parabolic activity-vs-pres-
sure curves, with the optimum for both being around ca. 400-450 psi 
CO2 (see Figure 8). In both these cases, the total yield of the targeted 
product and Faradaic efficiency of the overall processes were diminished 
at higher pressures.17,19 Molecular electrocatalysis of CO2-to-CO con-
version with Re(bpy)(CO)3Cl in CXEs followed a similar trend, reveal-
ing a drop off in the rate of catalysis beyond 400 psi CO2.18 In all three of 
these cases, the loss of catalytic effectiveness at the highest pressures 
contradicts the intuitive picture that catalysis should be favored by in-
creasing the amount of available substrate. However, even though outer-
sphere electron transfer kinetics associated with ferrocene redox in the 
present work remained fast with increasing CO2 pressure, in the two 
noted works regarding CO2 conversion in CXEs, results from COMSOL 
simulations of experimental electrocatalytic data suggested that the in-
ner-sphere electron transfer rates were slowed as the concentration of 
CO2 in the liquid phase increased.17,20 These observations highlight that 
pressure-dependent changes in solution conductivity could be accom-
panied by pressure-dependent changes in the composition and behavior 
of the near-electrode microenvironment composed of the double layer 
and/or reaction-diffusion regions.31  

 
Figure 8. (a) Current density at −2.5 V vs. Fc+/0 as a function of 
CO2 pressure on polycrystalline Au as working electrode, counter elec-
trode Pt wire, and reference electrode copper wire immersed in electro-
lyte solution and placed in a fritted chamber. This data was adapted for 
use in this paper from previous publication.48 (b) Faradaic efficiency for 
electrocarboxylation of acetophenone to atrolactic acid as a function of 
pressure for 12 h bulk electrolysis experiments. Working electrode: 
glassy carbon, sacrificial counter electrode: magnesium rod, reference 
electrode: copper wire. Uncertainties (given as ±1σ) were calculated 
from replicate at 400 psi of CO2. This data was adapted for use in this 
paper from a previous publication.17

 

Regarding this possibility, on the one hand the results of the electro-
chemical simulations reported here also show that the double layer ca-
pacitance49 of the working electrode (1.0 x 10−5 F) was essentially invar-
iant across the full range of CO2 pressures explored in the work. In other 
words, there was no significant change in the non-Faradaic current flow-
ing during cyclic voltammetry at each pressure. On the other hand, it is 
known that these currents depend on the structure and composition of 
the electrochemical double layer, and thus an interesting opportunity for 
future work would be to compare the bulk concentration of CO2 with 
that achieved near electrode surfaces. Significant quantities of CO2 
could change or disrupt the structure of this important region, and com-
parisons of such near-surface, microenvironment effects could reveal the 
roles of surface chemistry and/or double-layer structure on CO2 distri-
bution in solution. 

Dissolution of high concentrations of CO2 provides an ample pool of 
substrate for electroconversion, but solution conductivity and electro-
lyte composition could also contribute to modulation of catalytic effec-
tiveness, especially at the highest pressures in CXE-based systems. Such 
unexpected pressure-induced losses appear significant at the highest 
pressures, where even though there is a generous bulk supply of CO2 
available, resistive loss from charge transfer resistance could lead to in-
creased effective overpotentials that diminish the energy storage effi-
ciency in the carbon-based fuel or chemical being produced. In conven-
tional electroanalytical work, data can be “corrected” for solution re-
sistance changes through iR compensation49 or are collected under low-



 

current conditions where resistive effects are minimized.50 In practical 
electrosynthetic work, such ad-hoc modifications to reported data are 
not useful for meaningfully overcoming efficiency losses, in that total cell 
voltages will be higher in systems with diminished solution conductivi-
ties. Considering the results reported here, electrolyte engineering to 
optimize across the competing factors that influence electrocatalytic ef-
fectiveness appears to be critical for development of next-generation 
CO2 conversion systems. 

Moreover, in our work on electrosynthetic carboxylation of acetophe-
none to atrolactic acid on glassy carbon, electrokinetic data were not 
corrected by iR compensation, as low currents were involved in most ex-
periments.17 Similarly, in the molecular work with Re(bpy)(CO)3Cl, ki-
netic data were analyzed by foot-of-the-wave analysis (FOWA)50 at the 
recommended low-current region of catalytic waves. However, despite 
these factors that should compensate for the conductivity effects eluci-
dated here in the identical CXEs used for these processes, there still ap-
pears to be significant loss of catalysis at around 450 psi of CO2. Work 
utilizing a Au electrode underwent post-run iR correction of voltamme-
try data collected at 750 psi of CO2, but this correction did not enable 
recapitulation of current to that measured at the lower, optimum pres-
sure of 460 psi of CO2.19 The molecular dynamics simulations reported 
here highlight that greater concentrations of CO2 significantly increase 
ion pairing in the electrolyte, and this change in behavior, along with 
others, could impact catalysis beyond 450 psi.  

The loss of catalytic efficiency at the highest of pressures is secondary, 
however, to the overall enhancement seen in the achievable current den-
sities (by more than two orders of magnitude in the case of electrocata-
lytic CO2 reduction as shown in Figure 8a). Indeed, the best enhance-
ment is achieved at pressures (~450 psi) that are well below the top of 
our CXE range of 800 psi. Inspection of the literature confirms that the 
pressure of the optimum in our studies is much lower than the pressures 
used in existing industrial chemical processes. For reference, industrial 
1-octene hydroformylation is performed at approximately 3000 psi51 
while the decaffeination of coffee beans relies on supercritical CO2 and 
requires pressures exceeding 1150 psi.52 These comparisons point to-
ward CXEs being realistically feasible media for development, as they 
require lower pressures than those used at large scales currently. And, if 
CXEs could be brought to practical implementation, the enhanced rates 
made possible with CXEs would favor scalability, in that smaller cell/re-
actor volumes would be required to meet productivity targets.  

In terms of specific productivity targets, one could look to existing 
electrochemical technologies to contextualize CXE conductivities. For 
example, a common alkaline electrolyte used for H2 generation by elec-
trolysis is 2 M KOH; such a solution achieves a conductivity of 0.325 S 
cm−1, a value that is an order of magnitude greater than that achieved 
here with CXEs.53 However, it is important to note that such high con-
centrations of salt can drive precipitation of solids on cell cathodes, sig-
nificantly limiting device performance despite the appealing high con-
ductivity of the bulk solution.21 And, such an alkaline solution likely 
could not be used for CO2 electrolysis due to carbonate formation/pre-
cipitation. Thus, much like in CXEs, there are important tradeoffs to 
consider in optimal system design. Along this line, proton exchange 
membranes (PEMs) in PEM-based electrolyzers achieve even higher 
conductivities of ca. 5-65 S cm−1, but appear to face significant stability 
limitations during prolonged operation that obviate the appealing na-
ture of the high membrane/electrolyte conductivity.54,55 Considering all 
these comparisons and technological trade-offs, we anticipate that un-
derstanding of the fundamental, molecular interactions that govern elec-
trochemical behaviors in CO2-containing electrolytes will ultimately en-
able progress toward efficient next-generation CO2 electro-conversion 
schemes. In the case of CO2 conversion chemistry, the most attractive 
approaches will no doubt harness the unique properties of CO2, taking 
advantage of this molecule’s uncommon profile of physico-chemical 

features to overcome challenges in its conversion to useful, “green” 
chemicals and fuels.   

4. CONCLUSION 

Molecular engineering of CO2-rich electrolyte solutions is an underap-
preciated approach to improving the performance of electrochemical 
systems designed for CO2 conversion. Here, we have used a joint exper-
imental-theoretical approach to show that the conductivity of CO2-rich 
electrolytes containing a liquid organic solvent and a suitable soluble 
salt, a class of media we have termed CXEs, display an unusual two-re-
gime behavior of the pressure-dependent conductivity. MD simulations 
have been used to reveal the fundamental interactions between the so-
lution components that drive this unusual behavior at a molecular level, 
including most importantly a compensation of decreased ionic strength 
and charge screening with increased ionic mobilities that enables stable 
solution conductivity up to 4 M CO2. Taken together, these results shed 
light on the mechanisms underpinning electrolyte conductivity in the 
presence of CO2 and reveal that dissolution of CO2, although nonpolar 
by its very nature, can be leveraged to impart improved mass transport, 
a useful result that could impact design of next-generation systems for 
CO2 conversion. 

5. EXPERIMENTAL SECTION 

5.1. General Considerations. All manipulations were carried out in dry 
N2-filled glovebox (Vacuum Atmospheres Co., CA, USA) or under Ar 
atmosphere in a glovebag unless otherwise noted. All solvents were of 
commercial grad and dried over activated alumina by using a PPT Con-
tour (Nashua, NH) solvent purification system prior to use, and were 
stored over molecular sieves. All chemicals used were from major sup-
pliers and used after extensive drying.  

5.2. Electrochemical Experiments. Electrochemical experiments were 
either carried out in a N2-filled glovebox or in a 50 mL reactor (Parr In-
strument Co.) equipped with a custom machined lid outfitted with gas-
tight electrical leads as was as a temperature probe and pressure trans-
ducer (sensitivity ±7 psi)19 in dry, degassed CH3CN. The supporting 
electrolyte used was tetra(n-butylammonium) hexafluorophosphate 
([nBu4N][PF6]; oakwood chemical Co.). Electrochemical measure-
ments were done with a Gamry reference 3000 Potentiostat/Gal-
vanostat and Gamry Reference 600+ Potentiostat/Galvanostat (Gamry 
Instruments, Warminster, PA, USA) using a standard three-electrode 
setup.  

Cyclic voltammetry utilized ferrocene (Sigma-Aldrich; twice sub-
limed) and cell setup with basal plane of highly oriented pyrolytic graph-
ite (HOPG, GraphiteStore.com, Buffalo Grobe, Ill.; A=0.15 cm2) as 
working electrode, platinum wire (Kurt J. Lesker, Jefferson Hills, PA, 
USA; 99.99%, 0.5 mm diameter) for reference and counter electrodes. 
Concentration of ferrocene was kept constant at each selected pressure 
by adjusting initial concentration of ferrocene with VE curve to be 2 mM 
upon dilution from expansion with CO2.  

Electrochemical impedance spectroscopy for conductivity measure-
ments was performed with custom designed Jones-geometry conductiv-
ity device previously discussed in section 2.3. Solution resistance values 
used for conductivity calculations were from the high frequency point of 
EIS.56 

Electrochemical reactor studies proceed with electrolyte solutions 
loaded into the reactor under Ar atmosphere in a glovebag. Prior to ex-
periments, the reactor was purged three times by repeated pressuriza-
tion and depressurization cycles (~100 psi to ~30 psi) to exclude trace 
water and oxygen from the system. To achieve liquid expansion, the re-
actor was brought to the required pressure stirred only until equilibrium 



 

was established, and then closed off from the gas supply and stirring 
turned off for experiments.  

5.3. Electrochemical Simulations. Electrochemical digital simulations 
were conducted using the program DigiElch. Experimental cyclic volt-
ammetry was uploaded to the software along with known parameters for 
double layer capacitance, resistance, electrode area, temperature, heter-
ogenous electron transfer rate, and concentration of the electroactive 
species. Output from these simulations is diffusion coefficient and fitted 
cyclic voltammetry.  

5.4. Conductivity Device. Conventionally, conductivity measure-
ments must be carried out with parallel-facing macro-electrodes that 
have virtually identical cross-sectional areas and surface preparations. In 
this Jones-type geometry, the intrinsic solution conductivity can be 
measured in accord with NIST recommendations. Placement of two 
parallel Pt foil electrodes with a fixed separation within a glass tube is the 
typical layout used for such measurements.34 Considering this, the re-
sistance values collected through CVs (vide supra) are useful for observ-
ing some trends but cannot be used to rigorously quantify the intrinsic 
solution conductivity, as different materials were required for the work-
ing and reference electrodes and the geometry achievable in our pres-
sure reactor with these electrodes cannot satisfy the design criterion of 
the Jones-type geometry. In particular, achievement of the Jones-type 
geometry was found to be critical and consequently we developed a ca-
pability to carry out such measurements in our reactor. 

We were inspired in this effort by the basic designs of Jones-type cells 
that have been reported in prior work 34,57 The design that ultimately 
proved effective here is shown in Figure S3, and relies on the de facto 
standard electrode material, platinum, for fabrication of the two parallel 
flag electrodes. Pt wires were attached to the back of each flag electrode; 
the wires were subsequently encased in glass to prevent solution contact, 
giving a consistent geometric area defined solely by the platinum foil. 
Careful glassblowing enabled use of the resulting device under pressur-
ized conditions. However, a fully sealed tube for separation of the elec-
trodes and holding of the working solution was not utilized; instead, the 
electrodes are held a set distance apart by two solid glass support rods. 
In line with literature procedures, we were able to determine the cell 
constant of our device by calibration with a standard 1.0 M aqueous KCl 
solution of a known conductivity (0.113 S/cm)(Figure S4) held at 
25°C.58 With this method, we determined our cell constant to be 0.242 
cm−1. 

5.5. Theory. From molecular dynamics simulations, generalized self-
diffusion coefficients (Da) and correlated diffusion coefficients (Dag) 
were calculated from the corresponding mean-squared displacements 
(MSDa and MSDag), where a and g denote ion types and can represent 
either a cation or an anion. The self-MSD, i.e., for cations or anions, is 
calculated as 

𝑀𝑆𝐷a(𝑡) =
$
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&               (2) 

where 𝑟&(𝑡) is the position vector of ion i’s central atom at time t and Na 
is the total number of ions of type a. The correlated MSD between com-
ponents a and g, i.e., cation-cation, anion-anion, or cation-anion, can be 
calculated as 
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where 𝛿0(  is 1 when ion type a =g  and 0 when ion type a¹ g . Note that 
j’ indicates the second sum is over j ≠ i when a = g. From 𝑀𝑆𝐷0 , the self-
diffusion coefficient can be calculated as 

𝐷0 = lim
1→3456

789%(:)
;:

   .                                      (4)  

The correlated diffusion coefficient Dag can similarly be calculated from 
𝑀𝑆𝐷0( . 

The solution conductivity was calculated using the Einstein relation and 
has contributions from both the self-diffusion and correlated diffusion 
coefficients: 

σ0 =
%%<%='

>?(@
𝐷0 ,                              (5) 

and 

σ0( =
%%(%&-+%&)<%<&='

>?(@	($*+%&)
𝐷0( ,                                      (6)  

where e is the elementary charge, V is the volume of the simulation box, 
kB is Boltzmann’s constant, T is temperature, and za and zg are the ionic 
charges of types a and g, respectively.59 The total solution conductivity 
can be represented as the sum of the contributions from the self-diffu-
sion and correlated diffusion terms60 

σ = σBC:&DE + σCE&DE + σBC:&DE-BC:&DE + σCE&DE-CE&DE +
2σBC:&DE-CE&DE   .                   (7) 

Note that since 𝜎0( = 𝜎(0 , there is a coefficient of 2 in front of  
σBC:&DE-CE&DE. The shear viscosity (ηF) was calculated using the Green-
Kubo relation 

ηF =
>
?(@

∫ ⟨𝑃CG(0)𝑃CG(𝑡)⟩𝑑𝑡
H
I                             (8)  

where 𝑃CG  is an average of the five autocorrelation functions from the 
anisotropic terms of the stress tensor: Pxy, Pyz, Pxz, (Pxx-Pyy)/2, and (Pyy-
Pzz)/2.61  

The coordination number was calculated from the radial pair distribu-
tion function (RDF) 61  

                           𝑔(𝑟) = >
%' A∑ ∑ δC𝑟 − Dr⃗&.DF.J&& G                       (9) 

Where N is the number of molecules and r⃗&. = r⃗& − r⃗. .		From the RDF, 
coordination numbers can be calculated as  

𝑛(𝑟/) = ρ∫ 4𝜋𝑟'𝑔(𝑟)𝑑𝑟K/
I                            (10)  

Where ρ is the number density and 4𝜋𝑟' is the volume of the solvation 
shell with cutoff distance 𝑟/, which is taken to be the location of the first 
minimum in the RDF, 7.35-7.44 Å depending on CO2 pressure. 
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TOC Synopsis: The molecular design of electrolytes for use in electrochemical systems for CO2 conversion is an important topic, but 
the effect of dissolution of large concentrations of CO2 on bulk solution properties has received less attention than it deserves. Here, the 
effect of CO2 dissolution on solution conductivity has been quantified, revealing that dissolution of nonpolar CO2 can promote solution 
conductivity through increasing the diffusivity of cations and anions in solution. Molecular dynamics simulations also reveal the funda-
mental interactions that drive diminished conductivity at higher concentrations of CO2, providing a comprehensive view of the mecha-
nisms underpinning electrolyte behaviors in electrochemical systems containing CO2. 

 


