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We report new insights into the electrochemical reduction of CO2 on a metallic copper surface, enabled

by the development of an experimental methodology with unprecedented sensitivity for the

identification and quantification of CO2 electroreduction products. This involves a custom

electrochemical cell designed to maximize product concentrations coupled to gas chromatography and

nuclear magnetic resonance for the identification and quantification of gas and liquid products,

respectively. We studied copper across a range of potentials and observed a total of 16 different CO2

reduction products, five of which are reported here for the first time, thus providing the most complete

view of the reaction chemistry reported to date. Taking into account the chemical identities of the wide

range of C1–C3 products generated and the potential-dependence of their turnover frequencies,

mechanistic information is deduced. We discuss a scheme for the formation of multicarbon products

involving enol-like surface intermediates as a possible pathway, accounting for the observed selectivity

for eleven distinct C2+ oxygenated products including aldehydes, ketones, alcohols, and carboxylic

acids.
Introduction

The development of a cost effective process for the electro-

chemical reduction of CO2 could enable a shift to a sustainable

energy economy and chemical industry.1–3 Coupled to a renew-
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Broader context

For intermittent renewable sources such as wind and solar to compet

and time-shift the energy to match demand. Hence, there is sign

a hydrocarbon fuel; coupling such a process to renewable electricity

or in the transportation sector. The conversion of CO2 to other orga

replace fossil fuels as a feedstock in the chemical industry, enablin

several decades has shown that copper metal is unique among c

hydrocarbons methane and ethylene with a high current efficiency. A

not proceed with high selectivity, problems that are faced by othe

reduction on copper will lead to a deeper understanding of the rea

efficient and selective catalysts.
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able energy source such as wind or solar, such a process could

generate carbon neutral fuels or industrial chemicals that are

conventionally derived from petroleum. A key technological

challenge necessary to enable such a process is the development

of catalysts that are active and selective for this reaction, i.e.

catalysts that can reduce CO2 at low overpotentials, generate

desirable products at high current densities over long periods of

time, and do so selectively without the formation of unwanted

byproducts. Unfortunately, of the many electrocatalyst materials

previously investigated, none are both efficient and selective,4–12

and the most common products of CO2 reduction are CO and

formate, which are not as readily used as fuels as are hydrocar-

bons or alcohols. Copper metal is the only known material

capable of catalyzing the formation of significant amounts of
e with fossil fuels, technologies must be developed that can store

ificant interest in the electrochemical conversion of CO2 into

could generate carbon-neutral fuels for use in stationary power

nic products is also of significant value as CO2 could in principle

g a pathway for sustainable chemicals. Research over the past

atalysts explored so far for its ability to convert CO2 to the

high overpotential is required, however, and the reaction does

r catalysts for CO2 reduction as well. Further study into CO2

ction chemistry and can eventually lead to the design of more

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Schematic of the electrochemical cell and experimental setup used

in electrolysis experiments.
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hydrocarbons at high reaction rates over sustained periods of

time; however, an overpotential of almost 1 V is required and

a fairly broad mix of major and minor products are produced,

including hydrogen, ethylene, and methane.13Although copper is

not an ideal catalyst for CO2 reduction, understanding its unique

ability to catalyze hydrocarbon formation would aid in the

design of new catalysts that are active at a lower overpotential

and with better product control.

A number of excellent reviews14–16 summarize the literature

associated with CO2 reduction on copper. The mechanism of the

reaction is not clearly understood, but CO appears to be an

important intermediate. Electroreduction of CO leads to

a similar product distribution as observed for CO2 reduction,
17

producing both ethylene and methane. The data suggests that

different rate determining steps lead to the production of

ethylene and methane from CO. Ethylene formation is favored

over methane at lower overpotentials and different Tafel slopes

and transfer coefficients have been calculated for each product.14

It is unknown whether CO or a more reduced C1 species is

coupled to make C2 and longer carbon chain products. Recent

work to shed light on the CO2 reduction mechanism includes the

use of density functional theory (DFT) to predict intermediates

involved in the formation of methane18,19 and from an experi-

mental standpoint, the use of on-line mass spectrometry to

identify the products formed from the electroreduction of

various compounds that could be intermediates on the ethylene

pathway.20

In this study on copper catalyzed electroreduction, we report

on an experimental methodology that allows for product iden-

tification and quantification with unprecedented sensitivity. This

involved the design and fabrication of a custom electrochemical

reactor with a large working electrode and small electrolyte

volume, coupled to two different forms of product analysis by

means of gas chromatography (GC) and nuclear magnetic

resonance (NMR) spectroscopy. With this system, we measured

CO2 reduction products over a range of potentials on a copper

metal foil. The major products observed are in good agreement

with past studies; however, three new important observations

were found in our study that provide key insight into the surface

chemistry and mechanistic aspects of CO2 reduction on copper:

(1) We detected a total of 16 different reaction products –

significantly more than any previous study – a number of which

were novel products that were for the first time identified and

quantified from a copper surface. Of the 16 reaction products

detected, 12 of them were C2 or C3 species, comprised of a broad

mix of oxygenated species including hydrocarbons, ketones,

aldehydes, carboxylic acids, and alcohols. (2) Regarding this

broad range of different C2 and C3 species detected, we found

that the partial current density and therefore the turnover

frequency (TOF) of these products generally track that of

ethylene across the range of potentials investigated. (3) We

recognized that all of the C2 and C3 products detected – without

exception – could have plausibly been produced via the dehy-

droxylation of an earlier, less reduced product in its enol or diol

form. These observations lead us to a hypothesis that the

chemistry to generate the wide range of C2 and C3 products could

occur through an enol-like surface intermediate; the appearance

of the many multicarbon oxygenate products can be conve-

niently explained in this way and might potentially be used as
This journal is ª The Royal Society of Chemistry 2012
a guide to determining the C1 and C2 species involved in C–C

bond formation.
Methods

Surface preparation

Copper foil (thickness 1.0 mm, Aldrich, 99.999% metals basis)

was used as the working electrode. The surface preparation prior

to each experiment consisted of mechanically polishing (400G

sandpaper, 3M) until no discoloration was visible and then

electropolishing in phosphoric acid (85% in H2O, Aldrich,

99.99% metals basis) potentiostatically at 2.1 V vs. a graphite foil

(0.13 mm thick, Alfa Aesar, 99.8% metals basis) counter elec-

trode placed at a distance of 1.5 cm. X-ray photoelectron spec-

troscopy (XPS, PHI Versaprobe) and scanning electron

microscopy (SEM, FEI XL30 Sirion) were used to characterize

the surface.
Electrochemical cell

A custom electrochemical cell made from polycarbonate and

fitted with Teflon coated silicon o-rings (McMaster-Carr) was

employed for CO2 electrolysis experiments (Fig. 1). The cell

maintained the working electrode parallel to the counter elec-

trode to achieve a uniform voltage. An anion exchange

membrane (Selemion AMV, AGC Inc.) was used to separate the

working and counter electrode compartments to prevent the

oxidation of reduced CO2 products, although the membrane did

not prohibit passage of the anionic products acetate and formate,

which were detected on the counter electrode side of the cell in

low concentration after electrolysis. The cell was designed to

have a large electrode area (1.5 cm � 3 cm) and a small elec-

trolyte volume (8 mL) in each of the two compartments, along

with a gas headspace of approximately 3 mL above the electro-

lyte on each side of the membrane. CO2 (5.0, Praxair), regulated

by a mass flow controller (pMFC,MKS Instruments) at 20 sccm,

flowed through the cell during electrolysis. CO2 flow through the
Energy Environ. Sci., 2012, 5, 7050–7059 | 7051

http://dx.doi.org/10.1039/c2ee21234j


Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
01

2.
 D

ow
nl

oa
de

d 
by

 L
aw

re
nc

e 
B

er
ke

le
y 

N
at

io
na

l L
ab

or
at

or
y 

on
 2

8/
03

/2
01

7 
18

:4
1:

24
. 

View Article Online
cell was needed to see large current efficiencies for CO2 reduction

products, presumably because of mass transport limitations in

a quiescent cell. The flow rate of 20 sccm was chosen to ensure

sufficient CO2 transport to the surface while preventing inter-

ference from gas bubbles striking the surface. The CO2 was

humidified with water by passing it through a bubbler before it

entered the electrolysis cell in order to minimize the evaporation

of volatile liquid phase products. For each electrolysis experi-

ment the cell was assembled with copper as the working electrode

and platinum as the counter electrode. An Ag/AgCl electrode

(Accumet) was used as the reference. The distance between the

working and reference electrodes was kept small (0.5 cm) to

reduce solution resistance. A 0.1 M solution of KHCO3 (Sigma-

Aldrich, 99.99% metals basis) was prepared with 18.2 MU

deionized water from a Millipore system and used as the elec-

trolyte. The pH of the electrolyte purged with CO2 was 6.8.
Electrolysis

Electrochemistry was carried out with an electrochemical

impedance spectroscopy (EIS) capable channel in a Biologic VSP

or VMP3 potentiostat. All electrochemical data was collected vs.

a Ag/AgCl reference and converted to a reversible hydrogen

electrode (RHE) scale by Vvs. RHE¼Vmeasured vs. Ag/AgCl + 0.197 +

0.059*6.8(pH of soln) (see ref. 14 for a discussion of overpotential

for CO2 reduction). Potentiostatic EIS (Figure S1) showed that

10 kHz was an appropriate frequency to determine the uncom-

pensated solution resistance (Ru). The potentiostat compensated

for 85% of the value of Ru and the last 15% was post-corrected to

arrive at accurate potentials (see Supporting Information for

details). EC-Lab software was used to link different techniques

without returning to open circuit for each electrolysis experi-

ment. At the beginning of each experiment, the value of Ru was

determined prior to a taking an initial cyclic voltammogram

(CV). After completion of the CV, the value of Ru was deter-

mined again in case it had changed due to the reduction of the

native CuOx layer. Then, the electrolysis potential was applied

for 1 h (chronoamperometry). During this time, the electrolysis

was interrupted briefly to update the value of Ru compensated

for by the potentiostat (see Figure S2 for a description of changes

in Ru during electrolysis). After the completion of the chro-

noamperometry, a CV was again taken to test for changes in

electrode activity. For experiments run at less negative voltages,

the CVs were taken out to �1.05 V vs. RHE to be sure that any

CuOx on the surface was reduced before holding potentiostati-

cally at the electrolysis voltage.
Product quantification

One mL aliquots of the reactor exhaust were injected via an

automated sample loop into a gas chromatograph (GC, SRI

8610C in the Multi-Gas #3 configuration). Aliquots were

collected after 5 mins, 23 mins, 41 mins, and 59 mins of chro-

noamperometry to determine the concentration of gaseous

products, which included hydrogen, methane, CO, and ethylene

(Figure S3). The current efficiency was calculated by determining

the number of coulombs needed to produce the measured

amount of each product then dividing by the total charge passed

during the time of the GC sampling. The steady state current
7052 | Energy Environ. Sci., 2012, 5, 7050–7059
efficiency reported at a given potential is the average of the

current efficiencies measured at 23, 41, and 59 mins. Each

potential was repeated three times, in the same fashion, and the

average of the three experiments is given in Fig. 5.

Liquid phase products were quantified using 1D 1HNMR (600

MHz, Varian Inova). Standard curves were made using

purchased chemicals over the concentration range of interest,

with the internal standards DMSO and phenol, in 0.1 M

KHCO3. The water peak was suppressed by a presaturation

sequence. NMR parameters used (see Supporting Information

Figure S4) were identical between collected spectra to make

standard curves and in the subsequent quantification of products

in the electrolyte. 700 mL of the electrolyte containing CO2

reduction products after the hour long electrolysis was mixed

with 35 mL of a 10 mM dimethyl sulfoxide (DMSO) and 50 mM

phenol for use as internal standards in D2O for NMR analysis

(Figure S4). The ratio of the area of the formate peak to the area

of the phenol peak and the ratio of the other products’ peak areas

to the DMSO peak area were compared to standard curves

(Figure S5) to quantify the concentrations of the reaction

products. The coulombs needed to produce that concentration of

each product was calculated and divided by the total coulombs

passed during the chronoamperometry to determine the current

efficiency. 1H NMR allowed for quantification of all of the liquid

phase products identified in this study, with the exception of

glyoxal as its signal was obscured by the water peak and thus

required the use of 13C NMR for detection.

Product identification

To determine and confirm the identities of the liquid phase CO2

reduction products described in this work, more advanced NMR

experiments were performed. A 2D homonuclear correlation

spectroscopy (COSY) experiment was employed (800 MHz,

Agilent VNMRS) to determine which proton peaks were corre-

lated in the 1H NMR spectra. 13CO2 (99% enriched in 13C, Isotec)

was reduced using the above electrolysis procedure and the

resulting 13C labeled products were subjected to 1D 13C

(500 MHz, Varian Inova) and 2D (1H/13C) heteronuclear single-

quantum coherence (HSQC) (800 MHz, Varian Inova) NMR

experiments. 13C NMR showed the carbon peaks of products and

the 2D HSQC experiment correlated peaks observed in 1H

spectra to peaks in the 13C spectra. 1D 1H (600 MHz, Varian

Inova) and 1D 13C (500 MHz, Varian Inova) spectra of an

authentic sample of each product were matched to the observed

CO2 reduction product peaks to verify their identity (Table S1).

Results and discussion

Surface preparation

It is important to ensure that the system is free of contaminants

so that electrochemical and product measurements can truly be

attributed to the activity of copper.21 SEM images of the copper

electrode surface are shown after mechanical polishing (Fig. 2A)

and subsequent electropolishing (Fig. 2B), resulting in

a smoother surface free of impurities. Electropolishing was per-

formed in the copper ion diffusion limited regime of the CV

(Fig. 2C) before oxygen evolution begins and before surface

roughening can occur.22 Fig. 2D shows XPS measurements taken
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Surface preparation of the Cu working electrode. A) SEM of the

sandpapered surface. B) SEM of the surface after electropolishing. C)

Two electrode CV taken of the Cu electrode in 85% phosphoric acid

indicating the potential where electropolishing occurred. D) XPS of the

surface before and after an electrolysis experiment.

Table 1 Products of CO2 reduction along with the number of electrons
needed to produce each one and its standard reduction potential at pH
6.8. Products shown in green appear in only a few past studies, and
products shown in blue are reported here for the first time

Product # e� E Product # e� E

2 �0.02 10 0.05

2 �0.10 12 0.09

6 0.03 12 0.08

6 �0.16 14 0.46

8 0.17 16 �0.14

8 �0.26 16 0.11

8 �0.03 16 0.14

10 0.20 18 0.21
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before and after electrolysis. The peaks are attributable to only

Cu, O, and C,23,24 revealing that no metal impurities are present

within the detection limits of XPS. The O likely arises from a thin

native oxide at the copper surface as well as from adventitious

organics which are also responsible for the C signal.

Electrolysis setup

There exists no standard experimental methodology for studying

CO2 electroreduction. In order to obtain the most meaningful

data, an experimental setup must provide accurate electro-

chemical measurement of the current and voltage while also

allowing for product identification and quantification with high

sensitivity for all possible products (any organic compound

consisting of C, H, and/or O). To generate detectable amounts of

products, relatively large currents are necessary. Thus, in this

study, we investigated current densities in the range of negative

0.5–20 mA cm�2 over the course of an hour. Not coincidentally,

this current density range is relevant for solar fuel synthesis as

10 mA cm�2 of CO2 reduction current matches the solar photon

flux for a � 10% efficient device under AM1.5G sunlight (see

Supporting Information for details).

An important consequence of this relatively large magnitude

of current is that it can lead to substantial errors in the

measurement of voltage due to iR-drop in the electrochemical

cell, unless one adequately compensates for Ru.
25 For instance, in

our experimental setup we typically measure a value of 16 U for

Ru, and with a total current of 45 mA (10 mA cm�2) this leads to

a 0.72 V difference between the potentiostat reading and the true

voltage at the working electrode if iR compensation is not used.

This discrepancy between actual and applied voltage requires the

use of iR compensation in order to get reproducible data that is

comparable between different laboratories and experimental

setups.

The electrochemical cell employed was designed to have

a large electrode surface area to electrolyte volume ratio to
This journal is ª The Royal Society of Chemistry 2012
maximize the concentration of liquid phase products in the

electrolyte. The higher product concentrations using our custom

electrochemical cell compared to a traditional H-type electrolysis

cell7,26 allowed for the detection of several minor products that

have not previously been reported probably due to (1) their low

concentration, and (2) the methods of detection used in previous

studies. A principal advantage of the experimental methodology

reported in this work was the use of NMR to measure liquid

phase products. NMR required no purification or separation of

the products, thus allowing for analysis with a lower likelihood

for product loss to occur. In addition to quantitative informa-

tion, considerable structural information was also present in the

NMR spectra, allowing for more certain product assignment

when compared to traditional chromatography where retention

time alone is used for identification. As will be seen below, the

development of an experimental methodology to identify and

quantify all possible products, major and minor, can help

substantially in deducing reaction mechanisms.
CO2 reduction products

Table 1 shows the sixteen products of CO2 reduction on a copper

electrode identified in this work along with structure, number of

electrons, and reduction potential at pH 6.8 vs. RHE calculated

from tabulated thermodynamic data.27,28 Nine of these sixteen

products have been commonly reported in previous studies:

methane, ethylene, CO, formate, ethanol, n-propanol, allyl
Energy Environ. Sci., 2012, 5, 7050–7059 | 7053
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Fig. 3 Equilibria of carbonyl containing products in water. Blue indi-

cates the most stable structure under our experimental conditions.
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alcohol, acetaldehyde, and propionaldehyde.4 Acetate29 and

methanol30 are two species that have been identified as products

previously; however they have appeared in only a few reports.

Methanol has been reported as a product of electrochemical

reduction on a Cu2O surface, but has not been reported previ-

ously as a product on metallic Cu surfaces. To verify that the

methanol was not produced only at the beginning of the reaction

before the native CuOx surface had been reduced, aliquots of the

electrolyte were examined for methanol after 5 min and 1 h. The

amount of methanol present after 1 h was significantly greater

than the amount present after 5 min, which indicates that

methanol was produced throughout the electrolysis, not solely at

the beginning. The production rate of methanol is roughly 4

orders of magnitude less than that of methane, which is consis-

tent with predictions made based on DFT calculated

thermodynamics.31

The five remaining products in the table, ethylene glycol, gly-

colaldehyde, hydroxyacetone, acetone, and glyoxal, are

oxygenated C2 and C3 products that have never been reported

before to the best of our knowledge. Glyoxal and hydrox-

yacetone are particularly intriguing. They are the C2 and C3

products requiring the fewest number of electron and proton

transfers to form. This demonstrates that at least some C–C

coupling occurs between C1 species at this early stage of reduc-

tion. The other novel products reported here are also less reduced

than previously reported products, perhaps shedding light on

intermediate species present on the pathway to ethylene and

propanol, the most reduced C2 and C3 products detected.

With our experimental methodology, the detection limit for

methane, ethylene, CO, and formate is approximately 10 mA

cm�2 for each product. The detection limit for ethanol, acetal-

dehyde, acetate, methanol, ethylene glycol, glycolaldehyde,

hydroxyacetone, and acetone is approximately 50 mA cm�2. The

approximate detection limit for n-propanol and propionalde-

hyde is 100 mA cm�2 while for allyl alcohol and glyoxal it is

400 mA cm�2. The detection limits for these latter two compounds

are higher because the peak used for quantification of allyl

alcohol is coupled to multiple protons, and glyoxal can only be

observed using 13C NMR, which is less sensitive and thus not

quantified in this study. Formation of a product in quantities

below its detection limit cannot be ruled out; however, for most

species our methodology achieves detection limits in the range of

10–100 mA cm�2, which is quite sensitive, particularly for liquid-

phase products.

A significant fraction of the observed CO2 reduction products

are oxygenates. The presence of hydroxyl and/or carbonyl

moieties in many of the C2 and C3 products suggests that the C–C

coupling step occurs before at least one of the two carbon-oxygen

bonds in CO2 is broken. This is different from a Fischer–Tropsch

type mechanism previously suggested, in which methylene

groups on the surface are responsible for chain growth.26 Many

of the detected products contain carbonyls, compounds which

possess enol tautomers and can undergo hydration in aqueous

solution to become diols (Fig. 3). These complex equilibria in an

aqueous environment make it difficult to ascertain whether

a detected product was released from the electrode surface in that

form or whether a different species was released from the elec-

trode and equilibrated to a more stable form once in solution.

Fig. 3 shows all the carbonyl containing products in their diol,
7054 | Energy Environ. Sci., 2012, 5, 7050–7059
keto, and enol forms. The most thermodynamically favored

form, the one detected by NMR in solution, is indicated in blue

and is in agreement with known aldehyde hydration equi-

libria.32–34 We note that the enol tautomer is generally thermo-

dynamically unfavorable in aqueous solution; for example, the

difference in DGf
0(aq) of keto vs. enol form of acetaldehyde is

�8.54 kcal mol�1.35 Thus one would expect a compound

desorbing from the electrode in its enol form to quickly convert

to its diol and/or keto form.36

It is also important to determine whether or not detected

organic species could arise from sources other than CO2 reduc-

tion.4 To examine this possibility, we conducted a control

experiment in which the electrolyte was left overnight in the

polycarbonate electrolysis cell with CO2 flowing and no applied

potential. No products were detected. The reaction was also run

in a cell made of Kel-F� and the same products were observed as

those measured from electrolysis in the polycarbonate cell. Thus,

we can confirm that these products do in fact result from the CO2

electroreduction process and not from a contamination source in

the cell.

Recently, it has been pointed out that aldehydes can decom-

pose spontaneously and that their decomposition products can

be erroneously assigned as products of the reaction.37 To be sure

the observed products were stable under electrolysis and storage

conditions, an individual solution of each of the carbonyl

products was prepared, placed in the electrolysis setup with CO2

flowing for 1.5 h, and then examined by NMR; no decomposi-

tion was observed.
This journal is ª The Royal Society of Chemistry 2012
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Measured current vs. potential

Fig. 4A shows the current vs. time profile of a representative

electrolysis experiment at each voltage. The current remains

stable over the course of the hour at most potentials, indicating

little deactivation of the copper electrode due to impurities or

otherwise. At �1.18 V vs. RHE, the most negative potential

studied, there is a small but noticeable decline in the absolute

value of the current over time. The change in current could

potentially arise from slight increases in the temperature of the

cell at the highest current densities (see Supporting Informa-

tion), resulting in a modest decrease in the solubility of CO2. At

the higher current densities, the data becomes somewhat noisy

as bubbles begin to form on the electrode surface, which cover

areas of the electrode until they grow large enough to be

released, causing fluctuations in the current. iR-compensation

may also contribute to the changes in current as the bubbles

make it more difficult for the potentiostat to maintain

a constant voltage.
Fig. 4 CO2 reduction current A) as a function of time at different

voltages and B) averaged for all experiments at each voltage and

compared to a CV taken at 50 mV s�1.

This journal is ª The Royal Society of Chemistry 2012
Fig. 4B shows the average current for each voltage overlaid

with a CV taken before an electrolysis experiment. The current

observed during electrolysis matches that of the CV very well,

with the slight decrease in current during electrolysis being

attributable to bubble formation. The CV shows a prepeak at

�0.63 V vs.RHE that has previously been attributed to the onset

of CO2 reduction.
16 The reduction of a CuOx surface species has

also been suggested to give rise to this feature.38 The electrolysis

voltages studied herein were all cathodic of this prepeak feature.
Products vs. potential

Fig. 5, which plots the current efficiency of each product as

a function of potential, is divided into three panels in which

major, intermediate, and minor products are grouped. The data

is consistent with previously reported data for copper electrodes;

however, the data extends to a higher overpotential than

previous reports and several new products are reported that have

not been detected before.16,39 At low overpotentials (before

reaching�0.75 V vs.RHE), only hydrogen, CO, and formate are

observed. At the lowest overpotentials, Fig. 5 reveals a predom-

inance of hydrogen production over both CO and formate, which

are formed at relatively comparable rates. As the overpotential

increases, the percentage of the current going to hydrogen
Fig. 5 Current efficiency for each product as a function of potential is

shown for major, intermediate range, and minor products.
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Fig. 6 Tafel plot of the partial current going to each product.
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evolution decreases while the percent going to CO2 reduction

products increases. At �0.75 V vs. RHE, ethylene and methane

are the first hydrocarbons to be observed, with ethylene favoured

over methane. The current efficiencies for methane and ethylene

rise steadily for the next �200 mV, and at �0.96 V vs. RHE,

drastic changes in reaction selectivity are observed. First and

most importantly, a significant number of new C1–C3 products

begin to emerge. Secondly, the selectivities towards CO and

formate begin to decrease slightly. The current efficiencies for all

C2 and C3 products continue to increase with increasing over-

potential, until a peak is reached around �1.05 V (�0.1 V) vs.

RHE. At this potential, the current efficiencies for CO and

formate have declined to values close to zero. The current effi-

ciency for H2 has also been decreasing up to this point, but at

�1.05 V vs. RHE, the selectivity for H2 reverses course and now

increases with increasing overpotential. At very high over-

potentials, beyond�1.05 V vs.RHE, selectivities towards all C1–

C3 products are in decline with the sole exception of methane,

whose current efficiency continues to rise along with that of H2.

Previous reports have not shown current efficiencies at such

negative potentials where methane formation is favored so

definitively over other CO2 products, concomitant with increased

hydrogen evolution. At the most negative potential investigated

in this study,�1.18 V vs.RHE, methane and H2 account for over

90% of the current efficiency.

Current efficiency is an important metric by which to under-

stand CO2 reduction selectivity; however, one must bear in mind

that in these plots (Fig. 5) the total current density is changing

significantly across the potential window. Multiplying the total

current density at a given potential by the current efficiency for

each product allows one to construct a plot of the partial current

density going toward the formation of each product vs. potential,

shown in Fig. 6. To facilitate the discussion of mechanistic

implications, Fig. 6 is grouped differently than in Fig. 5, with

three panels showing H2 & C1 products, C2 products, and C3

products, respectively. As the partial current density for a given

product is proportional to its TOF (see Figure S7 in the

Supplementary Information) analyzing reaction rates by means

of partial current density can provide a clearer basis by which to

understand reaction kinetics.

For example, as described earlier, in the range of �0.7 to

�1.0 V the current efficiency plot (Fig. 5) shows a significant

decrease in H2. However, the partial current density (Fig. 6) and

TOF plots (Figure S7) show that the rate of H2 formation stays

fairly constant in this potential region, and in fact actually

increases slightly (by a factor of 2). Thus, the decrease in selec-

tivity is not due to a decrease in H2 TOF, but rather due to more

rapidly increasing TOFs for other products.

In this same potential region, the partial current densities and

TOFs for CO and formate are fairly constant. While this is

consistent with previous reports, it is unclear why the TOFs for

these products lack a strong potential dependence. Beyond

�1.0 V, there is a slight decrease in current producing CO and

formate and an increase in current going to H2. CO2 reduction

products requiring more than 2 electrons increase in partial

current until they reach approximately �1.08 V. After this

potential, the current going to all C2 and C3 products decreases

sharply, but the current to methane continues to rise within the

voltage range measured.
7056 | Energy Environ. Sci., 2012, 5, 7050–7059
One possible explanation for the difference in the slopes of

methane and ethylene as well as for their different behaviors at

high overpotential is that there are different rate determining

steps leading to each of these products, as suggested in previous

studies.14 Coverage effects could also play a significant role in the

measured TOF, as the coverage of certain surface adsorbates are

likely to change with applied electrochemical potential, as will be

discussed below. While ethylene and methane exhibit different

behavior as a function of applied potential, Fig. 6 has another

important feature: the partial current densities of all C2 and C3

products track that of ethylene. This is a critical feature with

strong mechanistic implications that will be discussed in further

detail below.

Of the multicarbon products, ethylene appears the earliest and

has the highest current density. Other C2 and C3 products are

first detectable at �0.95 V vs. RHE, although it is conceivable

that they are present but below the detection limit at less negative

potentials. As the overpotential increases, the current going to C2

and C3 products first rises and then falls. Note that in Fig. 6, the

absence of a data point for a particular product at a given

potential indicates that the species was not observed. We also

note that the error in the measurement in some of the minor

products (e.g. methanol) can be relatively large due to their low

concentration in solution (see Supporting Information Table S2),

thus for these cases clear trends are not observed.
This journal is ª The Royal Society of Chemistry 2012
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A mechanistic view of CO2 reduction on Cu

From our study, it is clear that Cu catalyzes the formation of

a large number of CO2 reduction products, more products than

have ever been reported before. Having identified the wide

range of products, as well as their partial current densities (i.e.

TOFs) as a function of applied potential, one can begin to

consider the mechanism of CO2 reduction on a Cu electrode.

Any proposed mechanism must account for the formation of

all 16 different CO2 reduction products detected in this study.

Of these 16 products, the two with the largest current effi-

ciencies are the hydrocarbons methane and ethylene, while the

remaining 14 products are oxygenates, 11 of which are C2 and

C3 products.

The CO2 reduction products observed at the lowest over-

potential, formate and CO, only require a two electron reduc-

tion. It is only at higher overpotential that more reduced

products are formed. This is consistent with the pervading view

that CO and formate have the lowest kinetic barriers to forma-

tion. Further reduction of intermediate CO to hydrocarbons is

kinetically more difficult, thus the more reduced products appear

only at higher overpotentials.17,18

As mentioned earlier, the fact that all C2 and C3 products

behave similarly as a function of potential is an important clue in

deducing mechanistic information. For C–C coupling to occur,

favorable reaction energetics are required as well as sufficient

surface coverage of the species involved in the coupling reaction.

Irrespective of whether the C–C coupling step is a thermochem-

ical step or an electrochemical step, the electrochemical potential

can have a significant impact on the rate of C–C coupling. Two

C-containing adsorbates must be adjacent to one another for this

to occur, and as the electrochemical potential determines which

species are present on the surface as well as their coverage,

a potential-dependent C–C coupling rate is expected.

It is not surprising that the C–C coupling rate initially

increases with increasing overpotential. The subsequent decrease

in C–C coupling with further increasing overpotential, however,

can be explained by the proton and electron transfers becoming

more favorable at negative potentials. At very negative poten-

tials, surface-bound C1 species (e.g. CO, HCO, etc.) are more

likely to be reduced all the way to methane and desorb rather

than remain as a surface-bound C1 intermediate involved in

coupling. Therefore, at more negative potentials, the TOF for

methane increases while C–C coupling decrease due to the lower

statistical probability of the appropriate C1 intermediates

encountering one another, a necessary (but insufficient) condi-

tion for C–C bond formation to occur. The same principle

applies to C1 and C2 intermediates coupling to form a C3 species.

This view of the surface chemistry for CO2 reduction can

explain why at moderate overpotentials, TOFs for C1–C3 prod-

ucts all rise together yet at higher overpotentials, only the TOF for

methane continues to rise while the TOFs for all other C1–C3

species are in decline. The rise in TOF for H2 at the more negative

potentials is also consistent with an increasing TOF for methane,

as proton and electron transfers are heavily favored at such

negative potentials. This suggests that either the coverage of

adsorbedH is increasing at those potentials or that theHeyrovsky

mechanism for H–H bond formation – an electrochemical step –

becomes themore dominant pathway for hydrogen evolution.40,41
This journal is ª The Royal Society of Chemistry 2012
Thus far, we have been able to mechanistically address the

major trends in TOF observed in Fig. 6 for all C1, C2, and C3

products, particularly their rise and/or fall as a function of

applied potential. Another major mechanistic question involves

the wide range of oxygenated products observed, particularly the

eleven C2 and C3 species including aldehydes, ketones, carboxylic

acids, and alcohols. It is an open question as to how Cu produces

such a wide variety of oxygenates; the reaction mechanism must

account for these diverse products. Ethylene is the only C2+

hydrocarbon observed, and given the previously mentioned

similarities in TOF trends among all C2–C3 products, it is plau-

sible that a pathway to ethylene could be common to the C2+

oxygenates as well. If this is indeed the case, it would suggest that

at least one of the two C–O bond breaking steps does not occur

until fairly late on the pathway from CO2 to ethylene, otherwise

one would expect fewer oxygenated products among C2 and C3

species. Note that this does not discount the possibility of

multiple pathways to ethylene existing in parallel.

There are many possible explanations for the wide range of C2

and C3 oxygenates observed. One possibility is that there are

a wide variety of different sites on the Cu surface, with each site

geared to produce a different product. This is not unreasonable;

a surface with more under-coordinated Cu atoms present has

been shown to change the product distribution of CO2 reduc-

tion.42 Another hypothesis is that the same type of surface site

can catalyze the formation of a number of different C1 oxygen-

ates which are thermodynamically accessible at high over-

potential, and that these diverse C1 species can couple to form all

of the observed products. If the C–C coupling step between the

many possible C1 intermediates are kinetically accessible, this

could certainly explain the wide of C2+ products observed. Based

on our experimental findings, we also consider a third and novel

hypothesis: a simple reaction scheme described below in which

the same electrochemical step, a dehydroxylation of surface

intermediates involving 2 H+ and 2 e�, is repeated over and over

to ultimately produce a wide range of oxygenated products of

varying degrees of reduction (Fig. 7). As the free energy pathway

for dehydroxylation, which would occur after the rate deter-

mining step, is unlikely to differ significantly for various C2 and

C3 surface intermediates, one can expect the trends in production

rates for the various species to follow one another as a function

of applied potential. This scheme accounts for all of our exper-

imental measurements, and is based on the fact that many of

these multicarbon products possess carbonyl groups with enol

tautomers and undergo hydration in the electrolyte.

Fig. 7 shows one plausible reaction pathway which can

account for the production of all C2 and C3 species observed in

this study, bearing in mind the carbonyl equilibria addressed in

Fig. 3. In this pathway, enol-like intermediates are a major

conduit by which C2 and C3 products are produced. Intermedi-

ates formed on the electrode surface are indicated by orange

circles and are drawn in their enol and/or diol form. Blue circles

indicate species present in the electrolyte solution as identified by

NMR. The pH and protonation state of surface intermediates

are unknown, but for simplicity all species are drawn fully

protonated. In this scheme, each electrochemical step comes in

the form of 2H+ and 2e� transfers, leading to a more reduced

product by the replacement of a hydroxyl group (which goes on

to form water) by a hydrogen atom. Note that while it is unclear
Energy Environ. Sci., 2012, 5, 7050–7059 | 7057
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Fig. 7 Proposed reaction pathway for C2 and C3 products with enol-like surface intermediates. Arrows between overlapping circles indicate changes

between the enol, keto, and diol form of each product. Arrows between non-overlapping circles indicate electrochemical reduction steps involving the

addition of 2 H+ and 2 e�. For simplification, product names are intended to refer to all forms of the product.
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which C1 or C2 species is involved in the C–C coupling step, the

successive dehydroxylation of enol-like surface species is a reac-

tion step that is repeated over and over and can explain the

production of such a wide variety of C2 and C3 species.

In our scheme, after C–C bond formation the enol-like surface

species quickly loses hydroxyls to form ethylene while desorption

of intermediates along the way leads to the other observed

products. We hypothesize that the enol-like surface species is

kinetically accessible, but not the most thermodynamically

stable, so once an intermediate has desorbed, it does not return to

the ethylene pathway because it will not re-adsorb in the enol-like

configuration. Thus, we expect that the addition of the products

observed in this study to the electrolyte would not allow access to

the ethylene pathway.

We suggest that enol-like surface species may be key inter-

mediates on the pathway to multicarbon CO2 reduction prod-

ucts. A crucial question remains as to which C1 and C2 surface

intermediates are involved in C–C coupling reactions to form C2

and C3 products. Much of the uncertainty comes from not

knowing which of the C2 surface species is first to form on the

pathway (whether glyoxal forms first or is preceded by another

intermediate species that is not detected); likewise the initial C3

species is unknown. Fig. 7 lists possible C1 species present on the

electrode based on intermediates from computational studies of

CO2 reduction to methane18 and methanol synthesis on

a Cu(111) surface43 as well as intermediates indicated by in situ

Raman spectroscopy during CO2 reduction.
44 Certainly, further

experimental work is needed to fully elucidate CO2 reduction

mechanisms on copper. We expect that the results presented here

regarding proposed C2 and C3 pathways can help guide the

search for the C1 and/or C2 intermediates involved in C–C

coupling.
7058 | Energy Environ. Sci., 2012, 5, 7050–7059
Conclusions

New insight has been provided on the electrochemical reduction

of CO2 into fuels and chemicals on a Cu electrode surface. We

employed a new experimental methodology involving a custom-

designed electrolysis cell that allowed for increased concentration

of reaction products in the liquid phase that enabled excellent

sensitivity for identifying and quantifying reaction products by

NMR. A total of 16 CO2 reduction products are reported,

significantly more than have ever been reported in any previous

study on copper. Five of those 16 products are reported here for

the very first time.

The products with the largest current efficiencies are the

hydrocarbons methane and ethylene, while the remaining 14

products are oxygenates, 11 of which are C2 and C3 products. A

number of these products are industrial chemicals with global-

scale demand on the order of billions of kg/yr. Understanding

selectivity for the CO2 reduction reaction is of paramount

importance; to do so, we studied trends in both the current

efficiency and the partial current density (proportional to TOF)

of each product over a range of potentials.

By analyzing trends in TOF for the multitude of reaction

products, we deduced important mechanistic information. As

previously observed, methane and ethylene are the dominant

products of reaction. Their differing electrochemical behavior

over the potential range, however, suggests that they have

different rate determining steps. Conversely, the 12 multicarbon

products show similarities in their potential-dependent behavior,

a key clue in understanding the kinetics of C–C coupling. These

12 multicarbon products include a wide variety of oxygenates,

e.g. alcohols, aldehydes, ketones, and carboxylic acids; any

proposed pathway must account for similarities in their
This journal is ª The Royal Society of Chemistry 2012
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potential-dependent behavior despite their differences in chem-

ical functionality. To this end, we suggest two critical factors that

can influence the reaction rate and selectivity for C2+ products:

(1) coverage effects whereby the coverage and chemical identities

of C1 and C2 surface species play major roles in determining

which C2+ products are formed, and (2) the possibility of reac-

tion intermediates proceeding through enol-like species on the

electrode surface, a pathway involving a series of dehydrox-

ylation steps that can account for the wide range of C2+

oxygenates as well as their simultaneous rise and subsequent fall

in TOF, peaking at �1.05 V vs. RHE.

Many unanswered questions still remain as to the specifics of

how the electrochemical reduction of CO2 proceeds on a Cu

surface. The results of this study, however, provide deeper insight

into the reaction chemistry by (1) identifying and quantifying

a number of new reaction products previously unreported to

form a more complete picture of the reaction chemistry, and (2)

using that new information to deduce reaction pathways. With

more complete knowledge of the reaction chemistry, one can

aspire to design catalysts capable of making desired products

selectively and efficiently. The technology to electrochemically

convert CO2 to fuel and industrial chemicals would be a signifi-

cant step toward a more sustainable future.
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