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spontaneous reaction between CO2 and hydroxide. Here, we developed an
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selectivity in neutral electrolyte. The protonated organosuperbase stabilized *CO

intermediates on the copper surface through a locally enhanced electrostatic field

while maintaining a neutral pH bulk electrolyte to avoid extensive carbonate

formation.
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Proton sponge promotion of electrochemical
CO2 reduction to multi-carbon products

Lei Fan,1,2,6 Chun-Yen Liu,2,6 Peng Zhu,2 Chuan Xia,2,3 Xiao Zhang,2 Zhen-Yu Wu,2 Yingying Lu,1,*

Thomas P. Senftle,2,* and Haotian Wang2,4,5,7,*
Context & scale

Converting CO2 into valuable

fuels and chemicals with the

energy input of renewable

electricity is becoming a

promising alternative route for

sustainable production of

chemicals and fuels. However, this

electrocatalytic CO2 reduction

process is often challenged by low

selectivity toward high-value

multi-carbon products. This study

proposes an effective and

scalable ‘‘interfacial engineering’’

approach by simply mixing the

catalyst with superbase molecules

to improve the catalyst/

electrolyte interfacial
SUMMARY

High alkaline electrolytes have shown the potential to promote
high-value C2+ products in the electrochemical CO2 reduction reac-
tion (CO2RR), but the practical application is challenged by their
strong CO2 absorption with the electrolyte to form carbonate. By
modifying the Cu catalyst surface with water-insoluble organosu-
perbases, such as thebis(dimethylamino)naphthalene ‘‘proton
sponge,’’ here, we change the interfacial microenvironment to stabi-
lize adsorbed CO through a locally enhanced electrostatic field
while maintaining a neutral pH electrolyte. Molecular dynamics
(MD) with a reactive force field and density functional theory (DFT)
calculations show that the CO intermediate is stabilized on the Cu
surface by protonated organosuperbases, which promotes C2+

product formation over CO desorption. The organosuperbase-
modified commercial Cu nanoparticle presented a 20-fold improve-
ment in C2+ to C1 ratio compared with its pristine performance,
delivering amaximal C2+ faradic efficiency of�80% and large partial
current of over 270 mA cm�2 in neutral electrolyte.
environmental for a favorable

generation of multi-carbon

products.
INTRODUCTION

Electrochemical reduction of CO2 to value-added fuels and chemical feedstocks,

powered by renewable energy, offers a potential solution to global climate

change and the energy crisis.1–5 State-of-the-art electrocatalysts with ratio-

nally designed electronic properties have been able to transform CO2 into

chemicals with high selectivity and activity, but most of the electrocatalysts

can only drive two-electron reductions to C1 products (i.e., carbon monoxide

and formate).6–9 Among different transition metals, copper-based materials

attract the most attention due to their capability to reduce CO2 molecules

beyond C1 products to high-value and high-energy-density C2+ hydrocarbons

and oxygenates.10–15 Promoting the C–C coupling step, which holds the key

to generating C2+ products, is still an open challenge for improved C2+ product

selectivity.16–19

To facilitate the C–C coupling step on copper surfaces, different catalytic materials

engineering approaches, including morphology tuning,20 crystal facet regulation,21

oxidation state manipulation,22 and heteroatom doping,23 have been demonstrated

to be effective. Beyond materials engineering, recent studies also found that, under

a strong alkaline environment, electrochemical CO2 reduction reaction (CO2RR)

selectivity to C2+ and activity can be dramatically improved,24–28 which may be

due to the formation of an abrupt interface or the high concentration of cations to

induce local electrical field. While a strong alkaline electrolyte can promote
Joule 6, 205–220, January 19, 2022 ª 2021 Elsevier Inc. 205
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Figure 1. Schematic comparison of C–C coupling promotion effects through high alkaline

electrolyte and organosuperbases

(A) High alkaline electrolyte can improve the CO2RR to C2+ selectivity and activity. However, the

strong alkaline electrolyte also causes significant CO2 absorption due to the spontaneous reaction

between OH� and CO2 at the electrolyte/CO2 interface.

(B) Organosuperbase promotion of CO2RR to C2+ products avoids the strong CO2 absorption in the

case of using high-pH bulk electrolyte.
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industrially relevant generation rates of C2+ products, it also absorbs a significant

amount of CO2 gas during electrolysis due to the spontaneous reaction between

OH� and CO2 at the electrolyte/CO2 interface paying a large penalty of carbon

and electrolyte losses (Figure 1A).29–34

Here, we report a facile interfacial engineering strategy to avoid the dilemma

mentioned above between C–C coupling promotion and strong CO2 absorption

(Figure 1B). Instead of using the traditional inorganic base (such as potassium hy-

droxide [KOH]), we coat the Cu catalyst surface with water-insoluble organosu-

perbase molecules to change the microenvironment at the interface between

electrolyte and catalysts for improved C2+ product selectivity while maintaining

a neutral pH in the bulk electrolyte to avoid CO2 absorption by alkaline solutions.

The high alkaline superbase molecules can capture protons at the Cu/electrolyte

interface in CO2RR through neutralization reaction and thus form protonated or-

ganosuperbases.35 These protonated organosuperbase molecules serve as posi-

tively charged modulators in CO2RR, which can stabilize the key intermediates of

C–C coupling process with locally enhanced electrostatic fields. As a result, cop-

per catalysts modified with organosuperbases, such as 1,8-bis(dimethylamino)

naphthalene (DMAN, also known as the ‘‘proton sponge’’), presented a 20-fold

improvement in C2+ to C1 ratio compared with the pristine copper in neutral elec-

trolyte, with a maximal C2+ faradic efficiency of �80%, and a large C2+ partial cur-

rent of over 270 mA cm�2. Computational simulations, including both molecular

dynamics (MD) with a reactive force field (ReaxFF)36,37 and density functional the-

ory (DFT), reveal details of how the superbase molecules modify the apparent

electric field surrounding the adsorbed *CO molecule. The simulation results

show that protonated organosuperbases are located close to the negative elec-

trode surface in the reaction environment, which in turn induces a local electro-

static field that stabilizes *CO on the copper surface. This promotes the C–C

coupling reaction step required for producing C2+ products.
206 Joule 6, 205–220, January 19, 2022

mailto:yingyinglu@zju.edu.cn
mailto:tsenftle@rice.edu
mailto:htwang@rice.edu
https://doi.org/10.1016/j.joule.2021.12.002


A B

D E

C

Figure 2. Electrochemical CO2 reduction performance of Cu and DMAN-modified Cu (Cu-1)

(A and B) FEs of C1 products and C2+ products on 25 nm Cu and Cu-1 at various current densities. The highest C2+ FE reaches 80% at 200 mA cm�2 on Cu-1.

(C) The C2+/C1 ratio of Cu and Cu-1. DMAN-modified Cu exhibits a 20-fold improvement compared with pristine Cu.

(D) Partial current densities of C2+ products on Cu and Cu-1. The highest C2+ partial current density is 270 mA cm�2 on Cu-1.

(E) Potential profile and C2+ FEs over 450-min continuous operation at 100 mA cm�2 on Cu-1. The error bars represent two independent tests.
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RESULTS AND DISCUSSION

Impact of organosuperbase on C2+ selectivity on Cu

Apart from inorganic bases such as KOH, organosuperbases are another type of

important base, which have been widely used as catalysts or bases in organic synthesis

to improve the selectivity and activity of organic reactions.35,38,39 DMAN, also known

as the ‘‘proton sponge’’ because of its exceptional proton affinity, is one of the most

attractive organosuperbase.35 DMAN is water insoluble, commercially available, and

already produced at a large scale with low price.40 Therefore, we first employed

DMAN as a model organosuperbase molecule to study the promotion effects for

C–C coupling on Cu catalyst. Commercially available 25-nm copper nanoparticles

(Cu-NPs) were used as the pristine CO2RR catalyst. DMAN was dissolved in isopropa-

nol and then mixed with Cu-NPs to ensure a uniform coating on the copper surface.

This mixture catalyst was air-brushed onto a gas-diffusion-layer electrode with a

mass loading of about 0.7 mg cm�2. The electrocatalytic performance was studied

in a standard three-electrode flow cell (Figure S1), and 1.0M aqueous potassium bicar-

bonate (KHCO3) was used as the neutral pH electrolyte (used for all tests). Gaseous

and liquid products were detected by gas chromatography (GC) and nuclear magnetic

resonance (NMR), respectively (see experimental procedures). The I-V curves of pris-

tine Cu-NPs and DMAN-coated Cu-NPs (Cu-1) showed very similar CO2RR activity,

delivering a maximum current density of 400 mA cm�2 at �1.2 V versus reversible

hydrogen electrode (versus RHE) (Figure S2). It was not surprising that the major

CO2RR product from pristine Cu-NPs was CO (FE �60%) at all applied current den-

sities, whereas the FEs of total C1 products (CO and formate) were about 60% to

70%. With the overpotential gradually increased, the C2+ FE increased from 10% to

35%, which was still much lower than that of C1 products (Figure 2A). This result agrees
Joule 6, 205–220, January 19, 2022 207
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with previous reports and shows that the C–C coupling process is not preferred on the

pristine copper surface at neutral electrolyte, even in flow cell.15 After a direct mixture

with DMAN, the modified Cu catalyst presented a dramatically improved C2+ product

selectivity and suppressed C1 selectivity across the entire electrochemical potential

window, forming a sharp contrast with pristine Cu-NPs. As shown in Figures 2A and

2B, DMAN-modified Cu catalysts delivered a peak C2+ FE of �80% and low C1 selec-

tivity of �10% at 200 mA cm�2, suggesting a 25-fold improvement in C2+/C1 ratio

compared with that of pristine Cu (Figure 2C), which is much better than the pristine

Cu in an alkaline electrolyte (1.0 M KOH, Figure S3). Specifically, we found that the

FE of each C2+ product was improved after the addition of organosuperbase molecule

(at 200 mA cm�2): the C2H4 FE increased from 15% to 52%, ethanol from 4% to 17%,

n-propanol from to 3% to 7%, and acetate from 0.5% to 1.5% (Figure S4). As a result,

the single pass efficiency of Cu-1 toward C2+ products was much higher than that of

pristine Cu (Figure S5). While the distribution of CO2RR products was dramatically

changed, the H2 FEs were similar for these two catalysts (Figure S6), suggesting that

the organosuperbase molecule might only impact the C–C coupling step on the Cu

surface. Additionally, the onset potential of C2H4 was improved from �0.57 to

�0.43 V (Figure S7), indicating the promoted C–C coupling kinetics by organosuper-

base modification. Because of this high C–C coupling efficiency, the maximum C2+

partial current density of our DMAN-modified Cu reached 270 mA cm�2 in a neutral

pH solution (Figure 2D). We also demonstrated the stability of DMAN-modified

Cu-NPs. A 450-min CO2RR electrolysis was continuously and stably operated under

100 mA cm�2 current, maintaining over 60% C2+ FEs with negligible degradation in

overpotential (Figures 2E and S8).

Characterizations of catalysts

The morphology, crystallinity, and electronic structure of catalysts may impact their

CO2RR performances in different ways. To exclude these factors, we first used scan-

ning electron microscopy (SEM) and transmission electron microscopy (TEM) to

observe whether there are any morphological changes after the mixture with orga-

nosuperbase molecules. As shown in Figures S9 and S10, organosuperbase did

not change the morphology of Cu-NPs before and after CO2RR electrolysis.

We also used X-ray diffraction (XRD) to study the crystal structure of Cu-NPs. The

Cu-NPs were in the form of Cu/Cu2O mixture for both Cu-NPs and Cu-1 before

CO2RR and were both in situ reduced to metallic Cu under CO2RR conditions (Fig-

ure S11), as confirmed by X-ray photoelectron spectroscopy (XPS; Figure S12).

These results indicate that the organosuperbase modification does not change

the morphology, crystallinity, and oxidation states of the Cu-NPs. We also evaluated

the stability of DMAN organosuperbase under CO2RR conditions. After CO2RR, the

electrode was dried and immersed in d6-DMSO (deuterated dimethyl sulfoxide) so-

lutions for NMR analysis. As shown in Figure S13, the chemical structure of DMAN

does not change after electrolysis, suggesting a high stability under CO2RR condi-

tions. From those characterization results, we were convinced that the properties

of the Cu-NP materials were not changed after the addition of superbase molecules,

and no chemical reactions were observed between Cu and superbase molecules.

These results indirectly suggest that the improved C–C coupling step could be

related to the molecular effects that our superbase molecule introduced.

Characterizations of organosuperbase promotion effects

To further validate and better understand the organosuperbase promotion effects, a

series of control experiments have been performed.We first excluded other possible

side reactions by using DMAN-coated gas-diffusion electrode (GDE) as a control

sample electrode. In Figures S14 and S15, GC and NMR results show that DMAN
208 Joule 6, 205–220, January 19, 2022
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itself exhibits no activity for CO2RR. We also tested CO2RR performance on Cu-1

catalyst using argon as a feedstock, and, as a result, there were no gas-phase or

liquid-phase products, suggesting that no side reactions occurred under electro-

chemical reduction conditions. Besides, we also changed the electrode preparation

process to further explore the organosuperbase impacts. Instead of mixing them

together, we first air-brushed Cu nanoparticles and then catalyst surface was coated

with the organosuperbase molecules. As shown in Figure S16, the C2+ FEs of this

electrode were also much improved compared to the pristine Cu-NP electrode.

However, the promotion effect was not as good as the mixing method because

only the top layer of Cu-NPs can be covered by the organosuperbase.We also varied

the loading of DMAN on the Cu surface. We found that C2+ FE gradually increased

against the surface coverage ratio of the DMAN on Cu and reached the maximum

values when the mass ratio was �0.5 (Figure S17). In contrast, CO FE gradually

decreased against the increasedmass ratio of DMAN and Cu-NPs. A further increase

of DMAN coverage led to a drop of C2+ selectivity (i.e., organosuperbase/Cu mass

ratio = 1), which might be due to the limited Cu sites for CO dimerization. Electro-

chemical double-layer capacitance measurements showed that the electrochemi-

cally active surface areas of Cu and Cu-1 are similar, which indicated that the active

sites of Cu would not be influenced at the optimized organosuperbase/Cu ratio (Fig-

ure S18). Besides, the possible impact of cations as the electrolytes in the solution

has also been excluded because the same electrolytes were employed for all sam-

ples. Taken together, we can confirm that the increased C2+ selectivity originates

from the surface interaction between organosuperbase molecule and Cu.

To explore whether the effect of this DMAN superbase molecule on electrochemical

reduction of CO2 to C2+ products is a general effect or not, we modified the Cu-NPs

with two other organosuperbase molecules with different chemical structures,

including guanidine-type organosuperbase (TBD: 1,5,7-triazabicyclo[4.4.0]dec-

5-ene), hybrid organosuperbase (TMGN: 1,8-bis(tetramethylguanidino)naphtha-

lene; hybrid means this molecular combines the proton sponge skeleton with the

guanidine group), and one non-organosuperbase molecule with similar chemical

structure (DMNA: N,N-dimethyl-1-naphthylamine) (Figure 3A). After the coating

with other organosuperbases, i.e., TBD and TMGN, the selectivity of C1 products

also decreased and C2+ FE increased (Figures 3B, 3C, S19, and S20), suggesting a

similar effect to the DMAN superbase molecule. For non-organosuperbase-modi-

fied Cu-NP (Cu-4), i.e., DMNA, which is only one amine ligand different from

DMAN, its CO2RR to C2+ product selectivity showed no improvements compared

with pristine Cu (Figures 3B, 3C, and S21). The FEs of H2 were similar for all samples

(Figure S22). This result clearly suggests that the basicity of these water-insoluble

molecules plays a key role in improving C–C coupling step on Cu surface, which is

further illustrated by the following computational simulations.

We further tested whether this ‘‘proton sponge’’ modification strategy could be

extended to other Cu catalysts such as Cu-NPs with larger sizes (60–80 nm) and poly-

crystalline Cu nanocubes with (100) facet exposed (Cu-NCs).41 The promotion ef-

fects on larger-sized Cu-NP (Figure S23A) are quite similar to the smaller one we

tested, as shown in Figures S23B–S23D, as they were both exposed with (111) facets.

The starting point of pristine Cu-NCs (Figure S24A) was already much improved

compared with Cu-NPs under all current densities with a peak C2+ product FE of

65% at 300 mA cm�2 (Figures S24B–S24D). This result agrees well with our previous

report that the Cu(100) facet is more selective for C–C coupling than the Cu(111)

facet.21 By coupling the superbase molecule promotion effects with the facet

effects, the C2+ FE was further improved to �80% within a wide range of current
Joule 6, 205–220, January 19, 2022 209
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Figure 3. CO2RR performance on different organosuperbase-modified Cu

(A) Chemical structures of different types organosuperbases and non-organosuperbase.

(B and C) FEs of CO2RR products on different catalysts at 200 mA cm�2. Compared with pristine Cu

nanoparticles, three different types of organosuperbase-modified Cu presents enhanced C2+

selectivity, whereas non-organosuperbase exhibited no promotion effects toward C2+ products.

The error bars represent two independent tests.
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densities from 100 to 300 mA cm�2 (Figure S25). The maximum C2+/C1 ratio was 18

at 400 mA cm�2, and C2+ partial current density can reach 287 mA cm�2 (Table S1).

Theoretical investigation of organosuperbase promotion mechanism

We first investigated whether each of the organosuperbases would be protonated or

deprotonated at the electrode surface under an applied potential by determining

thermodynamics and kinetics associated with deprotonating the superbase. This

was done by computing the pKa value of each base to determine whether it would

exist in the protonated state at the bulk pH. We then computed the kinetic deproto-

nation barrier to determine whether the bases could be deprotonated by a reduction

of the proton at the negative electrode surface (i.e., BH+ + e� + */ B + *H, where B

represents the base and * represents a surface site). The pKa of each organosuper-

base was computed with atom-centered DFT at the B3LYP/6–311++G level of the-

ory42,43 with solute charge density (SMD) solvation.44 Kinetic barriers for organosu-

perbase deprotonation at the surface were computed using plane-wave basis sets

and the GGA-PBE exchange-correlation functional.45 Full computational details

are reported in the experimental procedures section. In the search for the transition

state for organosuperbase deprotonation, we found that the proton is most favor-

ably transferred to the surface through an explicit water molecule shuttle that forms

a hydronium-like transition state (Figure S26). The electrochemical deprotonation

barrier was found to correlate with the computed pKa values, as expected (Fig-

ure S27). Here, among all tested molecules, we observe that DMNA has the lowest

pKa, and deprotonation is barrierless at –1.0 V versus RHE, which implies that DMNA

readily loses its proton via reduction at the Cu(111) surface. We note that the local

pH at the copper electrodes may be different from the pH in bulk solution, and

our estimation of deprotonation barrier can change accordingly. However, the bar-

riers are shifted simultaneously; therefore, the difference between each organosu-

perbase remains unchanged. Thus, we conclude that DMNA at the surface is mostly

deprotonated given the lowest deprotonation barrier, and the other three bases
210 Joule 6, 205–220, January 19, 2022
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remain protonated, which is consistent with the observation that DMNA is ineffective

for enhancing selectivity to C2+ products.

The trajectory of the protonated and deprotonated superbases in the aqueous

phase above the surface was investigated by MD simulations with the ReaxFF force

field36,37 (Figures 4A and 4B). The charge of the atoms in the simulation cell were

determined through the charge equilibration scheme used in the functional form

of ReaxFF. Charge distributions were constrained to represent the reaction condi-

tions in the following manner. The Cu slab was constrained to have an overall nega-

tive charge, which was varied in separate simulation trials to assess the effect of

negative surface charge density on the trajectory of the superbase above the surface

(Figures 4C and S28). The protonated organosuperbase was constrained to have a

positive charge, and the water molecules each were neutral. In each simulation,

the charges of individual atoms were initially determined with a full charge equilibra-

tion and were then fixed during the MD simulations for computational efficiency (see

the experimental procedures section for more details). Figure 4C shows that DMAN

migrates around the solution when no external electric field is applied but remains

near the double-layer surface once an applied potential (i.e., negative surface

charge density) exists. Similar behavior was observed for all four bases, which was

verified in each case by three independent MD simulations starting with different wa-

ter configurations (Figure S28). Deprotonated organosuperbases are neutral; thus,

their trajectories do not depend on the applied potential (Figure S29). Therefore,

the protonated organosuperbases attach more readily to the surface under electro-

chemical conditions. Because DMNA is reduced and deprotonated at the surface,

we do not expect it to remain attached to the surface to the same degree as the other

three bases. This is consistent with the absence of C2+ promotion in the case of

DMNA, despite its structural similarities to the other bases.

Next, we investigated the local electric field induced by the base molecules that

remain near the double-layer, as this effect is known to enhance C–C coupling.46,47

We found that the protonated organosuperbases create a planar-averaged local

electric field of about�1 V Å�1 at the height of the center of the adsorbed COmole-

cule (Figure 4D). The distribution of the induced electric field at the position of the

CO* intermediate is plotted in Figure 4E to show the magnitude of electric field at

each location above the surface. Using the optimized structure of the protonated or-

ganosuperbase, water molecules, and Cu slab, we further investigated the contribu-

tion of each component on the local electric field by single-point calculations with

each individual component successively removed. When only water molecules are

present above the Cu slab, the planar-average electric field is �0.49 V Å�1 at the

height of the *CO molecule (dash-dot lines in Figure 4D). When the deprotonated

organosuperbase is added, the electric field is enhanced to �0.69 V Å�1 (dashed

lines in Figure 4D). However, the deprotonated molecules are neutral and thus are

not strongly drawn to the negative copper surface, as shown by the MD simulations

in Figure S29. Thus, only the organosuperbases that remain protonated under elec-

trochemical reaction conditions, i.e., DMAN, TBD, and TMGN, enhance the local

electric field close to the copper surface.

Aqueous cations have been reported in the literature46–48 to enhance CO2 electro-

chemical reduction by creating electrostatic fields. Resasco et al.47 demonstrated

that the impact of electric field depends on the dipole moment of the adsorbed spe-

cies, with *OCCO formation and *CO-binding strength being promoted as the elec-

tric field is enhanced. This agrees with our experimental result and DFT analysis (Fig-

ure S30). In the experimental results (Figure 3), CO production was suppressed when
Joule 6, 205–220, January 19, 2022 211
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Figure 4. Demonstration of the trajectory of superbase molecules with molecular dynamic simulations and their impact on local electric field

(A and B) Positions of protonated DMAN in the aqueous phase above the Cu surface at (A) 0.00 mC cm�2 and (B) �43.70 mC cm�2 after 1 ns. Water

molecules are shown with line models to improve the visibility of the base molecules.

(C) The distance between protonated DMAN and Cu substrate on the z axis under various assigned surface charges. The topmost surface Cu atoms are

located at 0 Å.

(D) Planar-averaged electric field in the presence of the protonated (solid line) and deprotonated (dashed line) organosuperbases, as compared with

that computed in the presence of just the solvating water molecule (dash-dot line). The center of CO molecule is indicated by a vertical line in gray.

(E) 2D map of the electric field in the presence of protonated DMAN computed at the height of the center of the COmolecule. The projected position of

CO and proton in organosuperbase is marked by the white solid and dashed circle, respectively.
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the organosuperbases, i.e., DMAN, TBD, and TMGN, were introduced. We hypoth-

esize that *CO is stabilized by the electrostatic field induced by the organosuper-

bases. The *CO further undergoes C–C coupling reaction, i.e., *CO +

*CO / *OCCO, which is more favorable under the induced electric field.47 The

CO-binding energy with the presence of organosuperbases is plotted against the

estimated electric field, e.g., extracting the value in white solid circle in Figure 4E,

in Figure S30. The data points fit the curve derived from the energy obtained from

the vacuum copper surface with an explicit applied external potential (to within

0.1 eV accuracy). This further suggests that the electrostatic field causes the *CO-

binding strength enhancement.

From the theoretical investigation, we conclude that DMNA resides in a deproto-

nated form and thus does not remain on the copper surface; thus, it has no effect
212 Joule 6, 205–220, January 19, 2022
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on the selectivity toward multi-carbon products. Nevertheless, the lower selectivity

enhancement of TBD compared with DMAN and TMGN cannot be explained by the

MD simulations and electrostatic field enhancement. For this reason, we also studied

the solubility of the organosuperbases by extracting the single-point solvation en-

ergy for each organosuperbase in both protonated and deprotonated form (Fig-

ure S31). The results show that TBD is the least hydrophobic of the organosuper-

bases and therefore tends to reside in the solution phase more than the other

bases do. Therefore, its effect diminishes compared with DMAN and TMGN, whose

hydrophobic nature further drive them toward the surface. DMAN and TMGN are

strongly hydrophobic and remain protonated near the surface; thus, they most

significantly enhance the selectivity toward multi-carbon chemicals.

Conclusion

In summary, this work demonstrates a simple, inexpensive, and scalable strategy to

significantly improve the C2+ product selectivity in CO2RR without the use of strong

alkaline electrolyte. The use of ‘‘proton sponge,’’ as well as other organosuperbases,

showed significantly improved CO2RR to C2+ products conversion while avoiding

the strong CO2 absorption challenge in strong alkaline electrolytes. Theoretical re-

sults showed that a *CO intermediate for an ongoing C–C coupling process is well

stabilized by organosuperbases. Given the simple catalyst preparation process,

the organosuperbase modification method is promising for scalable electrocatalyst

synthesis. Considering the exceptional basicity of organosuperbase, we believe that

this strategy could be further extended to other electrochemical reactions, espe-

cially for those where alkaline electrolytes promote the reaction but induce undesir-

able side reactions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Haotian Wang (htwang@rice.edu).

Materials availability

The materials generated in this study can be made available upon reasonable

request.

Data and code availability

The geometries for deprotonation barrier estimation and the electric field computa-

tion, as well as the initial configutation of MD simulations, are collected at https://

github.com/tsenftle/CO_Superbase. The data that support the findings of this study

are available from the corresponding authors upon reasonable request.

Electrode and catalyst preparation

20-mg organosuperbase (Sigma-Aldrich) was first dissolved in 5-mL isopropanol,

then 40-mg Cu-NPs or Cu2O nanocubes and 160-mL binder solution (nafion 117

[Sigma-Aldrich, 5%]) was added, and the solution was sonicated for 20 min to obtain

a homogeneous ink. Then,�0.7 mg cm�2 catalyst was loaded on Sigracet 39 BB gas-

diffusion-layer (GDL) electrode (Fuel Cell Store). 25 and 60–80 nm Cu-NPs were pur-

chased from Sigma-Aldrich. Cu nanocube was synthesized using the following

method: deionized water (100mL), Cu (NO3)2 solution (0.1M, 5mL), sodium dodecyl

sulfate (0.87 g), hydroxylammonium chloride solution (0.2 M, 3 mL), and sodium hy-

droxide solution (1 M, 1.8 mL) were added to a reactor in the order list, and the

mixture was held for 2 h at room temperature. Cu2O nanocube was obtained by
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centrifugation and washed using isopropanol and water for three times. The final

product was dried in vacuum. Before CO2RR test, the Cu2O nanocubes were in

situ reduced to metallic Cu-NC at 200 mA cm�2 in the flow cell.
Characterization

Powder XRD data were collected using a Bruker D2 PHASER diffractometer in paral-

lel beam geometry employing Cu Ka radiation (wavelength 1.54056 Å) and a one-

dimensional LYNXEYE detector, at a scan speed of 0.02� per step and a holding

time of 1 s per step, XPS was obtained with a PHI Quantera spectrometer, using a

monochromatic Al Ka radiation (1,486.6 eV) and a low-energy flood gun as neutral-

izer. All XPS spectra were calibrated by shifting the detected carbon C 1 s peak to

284.6 eV. SEM was performed on a FEI Quanta 400 field emission scanning electron

microscope. TEM was performed on a JEOL 2100 transmission electron microscope

under 200 kV. NMR spectral of the organosuperbase tested on Bruck 500MHz spec-

trometer using d6-DMSO (Sigma-Aldrich) as the solvent.
Electrochemical measurements

All electrochemical measurements were run at 25�C in a customized flow cell sepa-

rated by nafion 117 membrane (Fuel Cell Store). A BioLogic VMP3 workstation was

employed to record the electrochemical response. Certain amounts of KHCO3

(Sigma-Aldrich, 99.95%) were dissolved in Milli-Q water to prepare the 1.0 M elec-

trolyte. In a typical three-electrode test system, a nickel foam and a saturated

calomel electrode (SCE) were used as the counter and reference electrode, respec-

tively. For long-term stability test, IrO2-coated GDL (Fuel Cell Store) was used as the

anode. All potentials measured against SCE were converted to the RHE scale in this

work using E(versus RHE) = E(versus SCE) + 0.244 V + 0.05913 pH, where pH values

of electrolytes were determined by an Orion 320 PerpHecT LogRMeter (Thermo Sci-

entific). Solution resistance (Ru) was determined by potentiostatic electrochemical

impedance spectroscopy (PEIS) at frequencies ranging from 0.1 Hz to 200 kHz and

manually compensated as E (iR corrected versus RHE, where iR is the voltage drop

from electrolyte resistance, 90% iR correction was used for all correction) = E (versus

RHE) � Ru 3 I (current). The double-layer capacitances for different catalysts were

tested in Ar-saturated 1 M KHCO3 after pre-reduction at 50 mA cm�2 for 20 min.
CO2 reduction product analysis

To quantify the gas products during electrolysis, CO2 gas (Airgas, 99.995%) was

delivered into the cathodic compartment at a rate of 50.0 standard cubic centime-

ters per minute (sccm, monitored by Alicat scientific mass flow controller) and vented

into a GC (GC, Shimadzu GC-2014) equipped with a combination of molecular sieve

5A, HayeSep Q, HayeSep T, and HayeSep N columns. A thermal conductivity detec-

tor (TCD) was mainly used to quantify H2 concentration, and a flame ionization de-

tector (FID) with a methanizer was used to quantitative analysis CO content and/or

any other alkane species. The partial current density for a given products was calcu-

lated as below:

ji = xi 3 v3
niFpo

RT
3 ðelectrode areaÞ�1

where xi is the volume fraction of certain product determined by online GC refer-

enced to calibration curves from the standard gas sample (Airgas), w; is the flow

rate of 50.0 sccm, ni is the number of electrons involved, po = 101.3 kPa, F is the

faradic constant, T = 298 K, and R is the gas constant. The corresponding faradic ef-

ficiency at each potential is calculated by FE = ji
jtotal

3 100%.
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1D 1H NMR spectra were collected on an Agilent DD2 600 MHz spectrometer to

quantify the liquid products. Typically, 500 mL of electrolyte after electrolysis were

mixed with 100 mL of D2O (Sigma-Aldrich, 99.9 atom % D) and 0.03 mL DMSO

(Sigma-Aldrich, 99.9%) as internal standard.

Molecular dynamic simulations

WeappliedMDwith the ReaxFFpotential36,37 to investigate the trajectory of protonated

and deprotonated organosuperbases under an applied potential. The force field

describing the atomic interactions was developed by Wen et al..49 The Berendsen ther-

mostat was used with a time step of 0.25 fs for all MD simulations in anNVT ensemble. A

copper slab with three layers, 500 water molecules, and one protonated/deprotonated

organosuperbase molecule were placed in a 20.16 3 21.82 3 40 Å3 unit cell, as illus-

trated in Figures 4A and 4B. The bottom layer of the copper slab was fixed. The number

of water molecules was chosen to match the bulk density of water at 1 g cm�3. We first

conducted theNVT simulationswith full chargeequilibration executedat each time step,

where constraints were applied to maintain a constant negative charges of the entire

copper slab, a positive charge of +1 on the protonated organosuperbase, a charge of

0 on the deprotonated organosuperbase, and neutral water molecules. However, we

found that the results were not affected if we fixed the charge of each atom with values

determined from separate charge equilibration steps. Thus, we chose to fix the charges

of each atom after the initial charge equilibration, which is computationally efficient. The

charge of each copper atomwas assigned to be 0 e,�0.025 e,�0.05 e, and�0.1 e (e is

the positive elementary charge), representing different applied potentials. The correla-

tion between surface charge density and applied potential, shown in Figure S32, is in

agreement with the literature.50 The charge of individual atoms in protonated/deproto-

nated organosuperbase andwatermolecules was determinedby the charge equilibrium

using ReaxFF potential when the constraints were applied and the molecule was in an

isolated unit cell. For instance, the overall charge of water molecule is neutral, but the

charges on H and O are +0.31 and�0.62, respectively. The MD simulations for each or-

ganosuperbase molecule in protonated and deprotonated form were conducted for

1 ns in three independent trials with different initial configuration of water molecules

(Figures S28 and S29).

Density functional theory

The Vienna ab initio simulation package (VASP 5.4.4)51 was used to estimate the de-

protonation barrier of the organosuperbases and their impact on the local electric

field. The core electrons were treated by the projector augmented-wave (PAW)

method52 and VASP default potential.53 The explicitly treated valence electrons

are as follows: C – 2s22p2, Cu – 3d104s1, H – 1s1, O – 2s22p4, and N – 2s22p3, which

were described by generalized gradient approximation (GGA) with Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional45 and spin polarization. The

plane-wave basis set was truncated at 400 eV kinetic energy cutoff. The Brillouin

zone was sampled by 1 3 1 3 1 Monkhorst-Pack (MP)54 k-points sampling for

Cu(111) surfaces. A dipole correction was applied in the z direction to prevent

slab-slab interactions. Grimme’s D3 dispersion correction was used to treat van

der Waals interactions.55 Geometries of adsorbed superbases used to estimate

the local electric field were optimized until the maximum force between the atoms

was less than 0.02 eV Å�1. The criterion for geometry optimization for transition state

search was 0.05 eV Å�1. The energy of CO and H2 was computed in a 15 3 16 3

17 Å3 unit cell with 1 3 1 3 1 MP k-points sampling.

Three-layer Cu(111) was used to represent themetal surface with the bottom layer fixed.

The distance between the Cu slabs in z direction was set to be greater than 15 Å in all
Joule 6, 205–220, January 19, 2022 215



ll
Article
instances. From the MD simulations, we determined that one water layer would be pre-

sent between theCu(111) surface and the organosuperbases. Thus, for local electric field

estimation, we first optimized a system with a protonated organosuperbase, adsorbed

CO species, Cu(111) slab, and an explicit water layer between the metal surface and the

organosuperbase. We note that the unit cell was overall neutral, the surface is negative,

and the protonated organosuperbase is positively charged. The optimized geometry

was used to compute the electric field and the CO-binding energies with single-point

calculations. For the deprotonation barrier calculations, we used another surface model

with two explicit water molecules acting as a hydrogen shuttle placed with a protonated

organosuperbase above the Cu(111) surface.

The translational, rotational, and vibrational entropy corrections were included for

gaseous CO and H2 with standard formulas derived from the statistical mechanics.

Only vibrational contributions were used for adsorbed species. Climbing image

nudged elastic band (CI-NEB)56 was used to search for transition state. To compute

the electrochemical barriers, we applied the method developed by Janik and co-

workers,57–59 which is described in the next section.

We used Gaussian16 program package60 to compute the pKa of each organosuper-

base. The geometries of pristine and protonated molecules were optimized at the

B3LYP/6–311++G level of theory42,43 with the SMD44 implicit solvation model.

Two additional water molecules were included to represent explicit solvation. The

free energy of protonation (DG) and pKa were computed at 298.15 K using the

following equation:

DG = GH+�organosuperbase +G2H2O �Gorganosuperbase �GH+ �2H2O
pKa = � DG

RT=log10ðeÞ

where GH+-organosuperbase is the free energy of the protonated superbase, G2H2O is

the free energy of two explicit water molecules, Gorganosuperbase is the free energy

of pristine superbase, GH+-2H2O is the free energy of hydronium with an extra water

molecule, R is the gas constant, and T is the temperature.
Electrochemical barrier for deprotonation of superbase molecules

Deprotonation barriers were computed by the method developed by Janik and co-

workers.57–59 We first used a geometry with two explicit water molecules and the or-

ganosuperbase above the Cu(111) surfaces to compute the reference equilibrium

potential (U0) for forming the protonated organosuperbase on the RHE scale:

U0 = �GH+�organosuperbase�water�Cuð111Þ �Gorganosuperbase�water�Cuð111Þ � 1
2GH2ðgÞ

e

whereGH+�organosuperbase�water�Cuð111Þ is the free energy of protonated organosuperbase

with two explicit water molecules on the Cu(111) surface, Gorganosuperbase�water�Cuð111Þ is
the free energy of deprotonated organosuperbase with two explicit water molecules

on Cu(111) surface, and GH2ðgÞ is the free energy of gaseous H2 at 298 K and 1 atm.

Once the transition state is found by CI-NEB simulation,56 the activation energy

(DGact(U)) at the potential U versus RHE is calculated as:

DGactðUÞ = DGact
�
U0

�
+ b3

�
U�U0

�

where b is the reaction symmetry factor (assumed to be 0.5 in this work). The

computed values of U0 and the deprotonation barriers are listed in Table S2, and
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the optimized geometries used to compute the deprotonation barriers are shown in

Figure S26.
Surface charge density and applied potential

The relationship between the surface charge density and the applied potential is

estimated by using DFT implemented in VASP by using VASPsol61,62 as the implicit

solvation correction and a three-layer pristine Cu slab. Additional charges were as-

signed to the unit cell, which congregates on the Cu surface, and a compensating ion

charge density in the vacuum space created by VASPsol neutralizes the overall unit

cell. The applied potential, U, is computed as below:

U vs: SHE = � ðme + 4Þ=e

where me is chemical potential of electrons, i.e., Fermi level of the system referenced

to the vacuum potential, 4 is the empirical reference of 4 = 4.6 V versus standard

hydrogen electrode (SHE) reported in the VASPsol description of the bulk electro-

lyte.62 The computed correlation between the surface charge density and the

external potential versus SHE is shown in Figure S32 and agrees with the literature.50
Electric field and *CO/*OCCO-binding energy

We followed themethodology in the literature46,47 to derive the correlation between

CO-binding energy on Cu(111) slab in vacuum and the external electric field (Fig-

ure S30). In addition, we optimized the geometry with CO on Cu(111) with an explicit

water layer and a protonated organosuperbase. Once the geometry was relaxed,

the electric field, Veffective, was computed as below:

Veffective = Venv � Vion � Vsolvent � Vslab

where Venv is the electric field computed with a single-point calculation on the sys-

tem with a protonated organosuperbase, explicit water molecules, and Cu(111)

slab, Vion is the electric field computed with a single-point calculation on the system

with a protonated organosuperbase, Vsolvent is the electric field computed with a sin-

gle-point calculation on the system with explicit water molecules, Vslab is the electric

field computed with a single-point calculation on the system with Cu(111) slab. For

the calculation of the electric field induced by the deprotonated organosuperbase,

we remove the proton binding to the organosuperbase and re-calculate Venv and

Vion. For the electric field induced by water molecules alone, we re-calculate Venv

and remove the Vion term in the equation. We obtain Veffective at the center of the

C–O bond in adsorbed the CO molecule to represent the average electric field

that the molecule encounters, whose value was plotted in Figure S30.

To benchmark the CO-binding energy in vacuum, the CO-binding strength with sol-

vent and organosuperbase, DGads(CO), was computed as below:

DGadsðCOÞ = ECO=ion=solvent=slab � Eion=solvent=slab �GCOðgÞ +
�
GCO=slab �ECO=slab

�� Esolvation

Where ECO/ion/solvent/slab is the DFT energy of the optimized geometry with ad-

sorbed CO, protonated/pristine organosuperbase, water molecules, and Cu(111)

slab (as shown in Figure 4E), Eion/solvent/slab is a single-point DFT energy after

removing the adsorbed CO in the system, GCO(g) is free energy of gaseous CO,

GCO/slab – ECO/slab is the free energy correction from the vibrational modes of the

adsorbed CO molecule on Cu(111) in vacuum. Esolvation is computed as shown

below:

Esolvation = ECO=solvent=slab � Esolvent=slab �
�
ECO=slab �Eslab

�
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where ECO/solvent/slab is the single-point DFT energy of the system obtained by

removing organosuperbase from the optimized geometry, Esolvent/slab is the sin-

gle-point DFT energy of the system obtained by removing organosuperbase and

adsorbed CO from the optimized geometry, ECO/slab is the DFT energy of adsorbed

CO on Cu(111), ECO/slab is the DFT energy of Cu(111) surface.
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