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Abstract: The conversion of waste CO2 to value-added chemicals 
through electrochemical reduction is a promising technology for 
mitigating climate change while simultaneously providing economic 
opportunities. The use of non-aqueous solvents like methanol allows 
for higher CO2 availability and novel products. In this work, the 
electrochemistry of CO2 reduction in acidic methanol catholyte at a Pb 
working electrode was investigated while using a separate aqueous 
anolyte to promote a sustainable water oxidation half-reaction. The 
selectivity among methyl formate (a product unique to reduction of 
CO2 in methanol), formic acid, and formate was critically dependent 
on the catholyte pH, with higher pH conditions leading to formate and 
low pH favoring methyl formate. The potential dependence of the 
product distribution in acidic catholyte was also investigated, with a 
faradaic efficiency for methyl formate as high as 75% measured at -
2.0 V vs Ag/AgCl.  

Introduction 

 Electrochemical reduction of CO2 provides an attractive route to 
produce valuable fuels and chemicals that can simultaneously 
lower greenhouse gas emissions when powered by renewable 
electricity.[1] While recent technological advances have shown the 
feasibility of industrial CO2 electroreduction,[2] many challenges 
remain to improve this technology and expand the list of 
economically viable products. The vast majority of 
electrochemical CO2 reduction research has been conducted in 
aqueous media under neutral to alkaline conditions, leading to 
commonly reported products including carbon monoxide, formic 
acid, methane, methanol, ethylene, acetic acid, and ethanol.[3] In 
comparison, nonaqueous media for CO2 reduction has been 
underexplored but represents a possible avenue to yield new 
products and improved operating conditions.  

 Methanol, for instance, is an attractive solvent for the 
reduction of CO2 which benefits from significantly increased CO2 
solubility compared to water (~ 160 mM in CH3OH compared to 
38 mM in H2O at 20 oC and 1 atm CO2 partial pressure)[4] while 
maintaining water-like reactivity endemic to a polar protic solvent. 
The high solubility of CO2 in methanol is even exploited 
industrially in the removal of CO2 from feed gas streams by the 
Rectisol process.[5] Several other conventional CO2 capture 
technologies require basic conditions, e.g. strong alkali or 
amines,[6] which chemically modify the CO2 into bicarbonates, 
carbonates, or carbamates that are more difficult to reduce than 
free CO2. Although dissolved CO2 in alkaline methanol produces 
an unreactive methyl carbonate species, neutral to acidic 
methanol is able to dissolve high quantities of chemically reactive 
CO2. Despite methanol’s promise for high solubility CO2 reduction, 
there have been limited literature reports using methanol solvent 
for electrochemical CO2 conversion.[7] In general, reduction of 
CO2 in methanol on metal cathodes has shown qualitatively 
similar selectivity to related aqueous systems but with higher 
selectivity towards formic acid and lower selectivity towards 
hydrogen.[8] 
 Several reports of electrochemical reduction[8b, 9] and 
homogeneous hydrogenation[10] of CO2 in methanol have 
demonstrated the synthesis of a novel C2 product, methyl formate 
(HCOOCH3), largely replacing selectivity to formic acid (HCOOH), 
the more common product in aqueous media. Isotopic labeling 
studies indicate that methyl formate in these examples arises 
through the esterification of CO2-derived formic acid and the 
methanol solvent.[9a] Thus, in addition to increased CO2 solubility, 
a nonaqueous solvent such as methanol opens a route to 
introduce an intermediate species into the electrochemical CO2 
reduction process to drive the reaction selectivity to value-added 
products that are not favored in aqueous systems. Although the 
conditions required to form methyl formate were not fully 
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elucidated, in these previous cases it was generally formed under 
high pressure (40 atm[11]) CO2 while Brønsted or Lewis acid 
catalysts were required at lower pressures.[10b] One advantage of 
methyl formate as an electrolysis product is that it is highly volatile 
(boiling point of 32 oC at 1 atm), so it is more easily purified by 
distillation than the more common formyl products, formic acid or 
formate. Industrially, methyl formate is typically produced through 
base-catalyzed methanol carbonylation and is used as a 
precursor to manufacture formamides.[12] Other applications 
include the production of methyl carbamates[13] or 
hydrocarbons,[14] and as a component in quick-dry finishes and 
polyurethane foams. Despite several promising markets for this 
chemical, exploration into the electrochemical synthesis of methyl 
formate has been quite limited. 

 

Figure 1. Schematic of the electrochemical H-cell used for CO2 reduction 
experiments, with a Pb wire working electrode (WE), Ag/AgCl reference 
electrode (RE), and Pt mesh counter electrode (CE). 

 Herein, the key electrolysis parameters of pH and applied 
potential were investigated for their effects on the reduction of 
CO2 in methanol. H-cell experiments such as depicted in Figure 1 
are reported to determine the feasibility of CO2 electroreduction in 
methanol with three key parameters changed from previous 
studies in methanol: (1) operation of the electrolyzer at lower (1 
atm) CO2 pressure, (2) the use of an aqueous anolyte to promote 
a sustainable half-reaction (water oxidation) and avoid anodic 
methanol degradation that can produce spurious methyl 
formate,[9a, 9b, 15] and (3) the use of acidic catholyte. A Pb metal 
cathode, which is known to suppress hydrogen evolution in acidic 
media[16] and promote formic acid production in water and 
analogous methyl formate in methanol, was chosen to drive 
selectivity toward methyl formate.[3a, 8b] Because a sustainable 
and scalable process is desired for the value-added conversion of 
waste CO2 to methyl formate, decomposition of the methanol 
electrolyte at the anode should be minimized. A dual electrolyte 
approach was therefore developed with methanol catholyte and 
aqueous anolyte to promote water oxidation at the anode.  

Results and Discussion 

Dual Methanol/Water Electrolyte System. There are five main 
products of electrochemical CO2 reduction in methanol on Pb: 

hydrogen, carbon monoxide, methyl formate, formic acid, and the 
formate anion. The three non-gaseous products can be readily 
distinguished by 1H NMR spectroscopy as shown in Figure 2. In 
the detection matrix employed, methyl formate appears as two 
singlets at 8.00 and 3.60 (3H) ppm, and formate (in basic media) 
is a singlet at ~8.42 ppm while formic acid (in acidic media) is a 
singlet at ~7.99 ppm. In neutral or mildly acidic media, formic acid 
is partially ionized. Because HCOOH and HCOO- rapidly 
interconvert on the NMR timescale, a mixture of formic acid and 
formate appears as one singlet with a chemical shift equal to the 
weighted average between the two extreme values of chemical 
shift (see SI for sample calculations).[17] The use of NMR 
spectroscopy thus allows the clear distinction between the three 
liquid products of CO2 reduction.  

Methanol in the absence of water can be oxidized at a Pt 
anode to produce methyl formate.[18] In control experiments using 
methanol bubbled with Ar for both the catholyte and anolyte, 
methyl formate was detected in the anode compartment due to 
methanol oxidation pathways. Despite the absence of CO2 
bubbling, a much smaller amount of methyl formate was detected 
in the cathode compartment attributed to membrane crossover 
from the anode. Therefore, a dual electrolyte system with 
methanol catholyte and aqueous anolyte was pursued in order to 
avoid complications in the product quantification due to methyl 
formate crossover from the anode. Further, the use of aqueous 
anolyte increases the sustainability of the overall process by 
minimizing decomposition of methanol by oxidation. With an 
aqueous anolyte, methanol that crosses the membrane from the 
catholyte can still be oxidized at the anode, however low methanol 
concentrations have been shown to lead to full oxidation to CO2 
as the primary oxidation product.[19] Notably, a number of previous 
electrochemical CO2 reduction studies in methanol were 
conducted with both the cathode and anode immersed in the 
methanol without a separator, making the reported methyl 
formate values difficult to deconvolute between the CO2 reduction 
and methanol oxidation pathways.[8b, 9a] 
 

 

Figure 2. 1H NMR spectra for formic acid dissolved in methanol and adjusted to 
different pH values. 
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To show that an aqueous anode does not interfere with CO2 
reduction in methanol,  preliminary experiments were conducted 
and compared with previously reported conditions using methanol 
as both catholyte and anolyte.[20] CO2-saturated solutions of 0.3 
M KOH in methanol or water were used as the catholyte and 
anolyte, respectively. The Pb wire working electrode was held at 
-1.8 V or -2.0 V vs Ag/AgCl for two hours. At -1.8 V, hydrogen and 
formate were each produced at ~ 50% faradaic efficiency (FE), 
which was close to the 60% FE for “formic acid” reported 
previously in methanol only.[20] At -2.0 V, the formate selectivity in 
the dual methanol/water system increased to 90% FE compared 
to 80% FE reported in an all methanol system. The consistency 
of the results between these preliminary experiments and 
published results indicated that substituting water for methanol as 
the solvent in the anolyte did not significantly disrupt the high 
faradaic efficiency for the electrochemical conversion of CO2 to 
formate in methanol catholyte. Although high selectivity for CO2 
reduction products was attained in these preliminary 
measurements, nearly all the liquid product was present as 
HCOO- due to the alkaline conditions in 0.3 M KOH in methanol. 
To promote in-situ methyl formate production, conditions were 
shifted to investigate electrolysis in neutral or acidic electrolytes. 
 The current density versus potential (J-E) behavior for a Pb 
cathode was measured in pH ~1.5 methanol saturated with KCl 
(~56 mM) as supporting electrolyte under Ar or CO2 bubbling with 
a corresponding aqueous 3 mM HCl, 56 mM KCl in water anolyte. 
For Pb in methanol at low pH under Ar, the J-E behavior yielded 
low current density (smaller than -2 mA cm-2) at potentials more 
positive than ~ -1.8 V vs Ag/AgCl (Figure 3). Comparing the 
performance under Ar between Pb and a Pt wire working 
electrode, the significantly more cathodic onset potential for Pb 
indicates that hydrogen evolution is strongly suppressed on a Pb 
cathode even under acidic conditions. Under active CO2 bubbling, 
a plateau in the current density was observed between -1.4 to -
1.75 V vs Ag/AgCl, followed by an exponential increase in 
cathodic current associated with the beginning of the CO2 
reduction reaction.  

 

Figure 3. Electrochemical current density versus potential behavior at 50 mV s-

1 for a Pb or Pt wire in saturated KCl, pH ~ 1.5 methanol catholyte and 3 mM 
HCl under Ar or CO2, 56 mM KCl in water anolyte separated by a Nafion 
membrane. 

pH Dependence. The relative protonation/deprotonation of 
formic acid, the esterification of formic acid with methanol, and the 
rate of the electrochemical hydrogen evolution reaction (HER) are 
all strongly dependent on pH. To elucidate the effect of pH on 
these parameters and the corresponding CO2 reduction product 
distribution, chronoamperometric measurements were conducted 
on the Pb cathode at -1.85 V vs Ag/AgCl for 30 min in dual 
methanol/water electrolyte systems across a range of pH values. 
As shown in Figure 4, the faradaic efficiency was strongly 
influenced by the initial pH. At higher pH values (> 4), hydrogen 
evolution was suppressed by the low proton concentration and 
nearly all of the CO2 reduction product was the deprotonated 
formate, HCOO-. At an initial catholyte pH of 1, however, nearly 
all the CO2 reduction product was methyl formate, HCOOCH3, 
reaching a faradaic efficiency of ~ 60%. Decreasing the initial 
catholyte pH to 0 led to a concomitant decrease in the methyl 
formate faradaic efficiency to ~ 47%. This decrease in methyl 
formate FE was attributed to an increase in the HER partial 
current density with increased H+ concentration, supported by a 
notable increase in the total current density measured at pH 0 
relative to pH 1 (Figure S5). A further decrease of the pH to -0.3 
led to a dramatic increase in current density by an order of 
magnitude and total suppression of CO2 reduction as HER 
became the dominant reaction pathway (Figure 4). Considering 
the requirement for acidic conditions to produce methyl formate, 
the stability of Pb at low pH under reductive potentials was 
another motivating factor in the choice of this metal as the 
electrocatalyst,[21] and this stability is highlighted by low Pb 
concentrations in catholyte samples listed in Table S4 of the 
supplemental information.  
 

Figure 4. Faradaic efficiency versus initial catholyte pH for a Pb wire held at -
1.85 V vs Ag/AgCl for 30 min in KCl-saturated methanol catholyte adjusted to 
different pH values with HCl (or 0.3 M KOH/CO2 in methanol for pH 9) with 56 
mM KCl in water anolyte. The blue curve corresponds to the measured catholyte 
pH at the end of the 30 min experiment.  

The total CO2 reduction product faradaic efficiency depends 
on the competing HER rate and the current density and mass flux 
of CO2 to the electrode. Among the liquid products, however, the 
selectivity relationship between formate, formic acid, and methyl 
formate was controlled by the pH of the catholyte. HCOOH and 



RESEARCH ARTICLE    

4 
 

HCOO- interconvert with an aqueous pKa of 3.745[22] and an 
estimated methanolic pKa of around 8.[23] Figure 5 shows the 
percentage of the CO2 reduction liquid product in the form of 
methyl formate as a function of the final pH condition measured 
in the catholyte for > 50 electrolysis experiments under a range of 
applied potentials and times. The catholyte at these conditions 
was measured to be 8 – 15% water in methanol due to water 
crossover from the anolyte. The NMR peak chemical shift for 
HCOOH/HCOO-, in which the position indicates the degree of 
ionization, is also plotted in Figure 5 and shows sigmoidal 
behavior of the chemical shift with pH.[24] Based on this data, the 
pKa of formic acid in methanol saturated with KCl and CO2 at this 
water content can be estimated to be around 5. At pH values less 
than 3.2, no formate was ever detected based on the measured 
chemical shift peak position. 

 

Figure 5. Conversion of the CO2 reduction liquid product to methyl formate 
(black triangles) and measured NMR peak chemical shift (red squares) as a 
function of the final pH value in the saturated KCl in CH3OH catholyte. The color-
coded regions correspond to the dominant liquid product: methyl formate 
(yellow), formic acid (FA, light grey), and formate (dark grey). 

The conversion between formic acid and methyl formate 
also demonstrated a strong pH dependence. From control 
experiments, a stock solution of formic acid in pure methanol 
converted to a few percent methyl formate over a couple days. 
However, with the addition of HCl to the methanol, the formic acid 
rapidly converted to methyl formate. Figure 5 (black triangles) 
shows the percent conversion of formic acid to methyl formate 
across a range of electrolysis experiments using an acidic 
methanol-catholyte/water-anolyte. Quantifiable methyl formate 
detection began at a catholyte pH less than 4, which is close to 
the threshold pH value where the protonated state of formic acid 
is dominant over the deprotonated formate. A greater fraction of 
methyl formate was observed with decreasing catholyte pH. This 
result is consistent with the requirement for protonated HCOOH 
to react with methanol via an esterification route to produce 
methyl formate (Figure 1). Thus, based on the pH of the catholyte, 
three regions can be identified in methanol for the preferred 
selectivity of the primary liquid products. Formate predominates 
at high (>5) pH, formic acid predominates at intermediate (3-5) 
pH, and methyl formate occurs at low (<3) pH.  

 Notably, the pH dependence of the liquid product 
distribution makes the formation of pH gradients across the 
membrane during electrolysis a complicating factor in identifying 
conditions for optimal methyl formate production. At the anode, 
the oxygen evolution reaction (OER) releases H+ from H2O, while 
at the cathode protons are consumed in the reduction of CO2 to 
HCOOH and HCOOCH3 (Figure 1). Therefore, unless H+ can be 
exchanged from the anode to the cathode at a rate to match the 
electrochemical reaction, a H+ gradient will develop and increase 
the pH at the cathode. The results in Figure 4 confirm that the 
catholyte pH increased over time, with no methyl formate 
observed after the pH increased beyond ~ 4.5. Longer electrolysis 
times and higher current densities thus led to lower selectivity 
towards methyl formate compared to formic acid or formate due 
to the concomitant decrease in the acidity of the catholyte. The 
catholyte pH increased as more charge passed through the cell, 
consistent with electrochemical consumption of protons at the 
cathode that are not being sufficiently replenished by protons 
released from the anodic reaction. The development of a pH 
gradient, even at fairly low initial pH conditions, was attributed 
primarily to competitive migration of H+ and K+ across the Nafion 
membrane. KCl was included in the system as a necessary 
supporting electrolyte to increase the methanol solution 
conductivity and decrease the ohmic overpotential losses in the 
cell to a tolerable level. Moreover, although K+ exchange with the 
ionomer decreases the Nafion ionic conductivity, in this case it 
has the added benefit of significantly decreasing the permeability 
of the membrane to methanol crossover, as has been previously 
reported in detail.[25] Although sufficient concentration of an acid 
such as HCl, H2SO4, or H3PO4 in otherwise pure methanol/water 
electrolyte could minimize pH gradient formation across the 
membrane, in practice acid concentrations high enough for 
satisfactory solution conductivity led to >90% faradaic efficiency 
for hydrogen evolution due to the abundance of H+ ions (Figure 
4).  
 Despite the decreased permeability of the Nafion 
membrane in the presence of K+ cations, some methanol/water 
exchange does occur during the experiment, with a water content 
of 8 – 15 vol% measured in the catholyte after two hours of CO2 
reduction in a closed H-cell system. The presence of water 
complicates the measured pH in methanol, as described in the SI. 
Furthermore, increased H2O concentration in the pH 1 – 2 
methanol solvent leads to progressively lower conversion of 
formic acid to methyl formate, which is clearly exhibited by the 
NMR spectra (Figure 6). At 10 vol% water in the methanol, 82% 
of the formic acid converted to methyl formate, which decreased 
to only 9% in 90 vol % water. This effect may be at least partially 
attributable to Le Chatelier’s principle in which increased water 
concentration and decreased methanol concentration would drive 
the equilibrium away from methyl formate towards formic acid 
(Figure 1). Thus, in addition to a low pH, a low water content in 
the catholyte is also essential to maintaining a high CO2 reduction 
selectivity to methyl formate. 
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Figure 6. Effect of water in the catholyte. (A) NMR spectra and corresponding 
(B) molar percent conversion of formic acid to methyl formate for 100 mM formic 
acid dissolved in 3 mM HCl in methanol with increasing water content by 
volume %. 

Potential Dependence. With an ideal starting pH of ~ 1.5, further 
optimization for the high faradaic efficiency production of methyl 
formate was pursued by varying the applied potential to the Pb 
cathode from -1.6 V to -2.1 V vs Ag/AgCl as shown in Figure 7. 
The Pb wire was held at the specified potential for either 30 or 120 
min, and the pH was measured before and after electrolysis. The 
pH values fluctuated during the course of the experiment due to a 
changing proton concentration from the faradaic reaction as well 
as the pH probe sensitivity to water content (see SI) as H2O 
crossed to the catholyte during electrolysis (8 – 15 vol% H2O over 
120 min). In all cases, the magnitude of the current density 
increased at more negative, increasingly reductive potentials, as 
expected for the electrocatalyst J-E behavior (Figure 3) of a 
cathode following Butler-Volmer kinetics. A partial current density 
for CO2 reduction products as high as -37 mA cm-2 was obtained 
at -2.1 V vs Ag/AgCl, which is relatively high considering the 
smooth Pb wire cathode has low surface roughness and was 
measured in an H-cell system rather than a high mass flux flow 

cell electrolyzer. Furthermore, the total faradaic efficiency for CO2 
reduction products increased at more negative potentials, but the 
selectivity varied among the liquid products. Applying -1.85 V vs 
Ag/AgCl at the Pb wire for 30 min resulted in a modest quantity of 
methyl formate (40% FE) with a low fraction of formic acid (4% 
FE). At potentials more positive than -1.85 V vs Ag/AgCl, the 
charge passed in 30 min was insufficient to yield easily resolvable 
liquid products by NMR. Going more negative to -1.9 V, the 
selectivity for methyl formate increased to 58% FE, which further 
increased to as high as 75% FE at -2.0 V. After 30 min at -2.1 V, 
however, high faradaic efficiencies for formic acid (55% FE) and 
formate (41% FE) were measured with low methyl formate (2.5% 
FE). The sharp change in selectivity between -2.0 to -2.1 V vs 
Ag/AgCl after 30 min was attributed to the notable difference in 
the final catholyte pH, which markedly increased to pH ~5 when 
held at -2.1 V. The resulting balance between formate and formic 
acid with little methyl formate is consistent with the formic acid 
equilibrium observed in Figure 5 at pH 5. The stronger catholyte 
pH increase at -2.1 V, in turn, is due to the significantly increased 
current density at this potential (Figure 7A) which results in a 
faster rate of proton consumption at the cathode.  
 To further explore the transient behavior of the product 
distribution, faradaic efficiencies were also determined as a 
function of applied bias after 120 min (Figure 7D). Though not 
included on the plot, after two hours a small but consistent amount 
of CO was also detected at all the measured potentials (0.9 – 
1.5% FE). A low overall current density of ~ -2 mA cm-2 was 
observed at -1.6 and -1.7 V, corresponding to the low current 
density plateau evident in the J-E behavior of the Pb wire (Figure 
3). Over two hours at these lower potentials, a small amount of 
liquid product formic acid and methyl formate was detected, but 
the large majority of the charge passed was directed to hydrogen 
formation (> 80%). Similar to the trends at 30 min, more negative 
potentials led to increased current density and selectivity towards 
CO2-derived products. H2 was decreased from 49% FE at -1.8 V 
vs Ag/AgCl to 35% at -1.9 V to only 15% at -2.0 V. The change in 
hydrogen selectivity corresponded to a sharp increase in the 
partial current density for CO2 reduction products while the partial 
current density of H2 formation did not significantly change (Figure 
7C). After 120 min, the highest methyl formate selectivity 
measured was 25% FE at -1.8 V vs Ag/AgCl. The CO2-derived 
product balance shifted away from methyl formate towards formic 
acid at more negative potentials, with a formic acid FE of 71% 
compared to only 4% FE for methyl formate at -2.0 V. This result 
is in stark contrast to the 12% FE formic acid, 75% FE methyl 
formate observed after 30 min at -2.0 V vs Ag/AgCl (Figure 7B).   
  The marked change in the product distribution with time can 
again be primarily attributed to pH effects. After 120 min at -2.0 V, 
for instance, the Pb wire passed more than four times the charge 
passed after only 30 min, leading to higher H+ consumption and a 
correspondingly higher final catholyte pH. After 30 min at -2.0 V, 
the catholyte had pH 2.2 which would be predicted to give an 
equilibrium ratio of ~ 3:1 methyl formate to formic acid according 
to Figure 5 and is consistent with the 75% FE methyl formate to 
12% FE formic acid measured. In contrast, the greater charge 
passed after 120 min at -2.0 V resulted in a final catholyte pH of 
3.7, which Figure 5 suggests would lead to majority formic acid 
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Figure 7. Electrochemical performance and product distribution data for CO2 reduction at a Pb wire in saturated KCl, methanol catholyte with an initial pH ~1.5 and 
56 mM KCl, 3 mM HCl in water anolyte. (A, C) Average partial current densities versus applied potential and (B, D) faradaic efficiency and corresponding final 
catholyte/anolyte pH (blue/green curves) versus applied potential. Product concentrations were measured after potentiostatic operation for (A, B) 30 min and (C, D) 
120 min. 

with a low conversion to methyl formate (<10%) and the onset of 
low levels of deprotonated formate. The chronoamperometric 
electrolysis results are in strong agreement, yielding 71% FE 
formic acid, 4% FE methyl formate, and 12% FE formate. Thus, 
maintaining a catholyte pH < 2.5 can be deemed a critical factor 
to achieving high selectivity of CO2 electroreduction with methanol 
to methyl formate. Notably, while the aqueous anolyte pH 
changed over time as well, decreasing with higher charge passed, 
the magnitude of the pH shift was less than at the catholyte. This 
trend can be attributed to the logarithmic dependence of pH on 
proton concentration, meaning that an acidic pH value requires a 
greater concentration change to decrease than to increase, as 
well as the greater sensitivity of the methanol catholyte pH to low 
levels of water crossover.  

 While the CO2 reduction liquid product selectivity can be 
attributed to the effect of the catholyte pH, the reason for the 
observed trend in H2 formation is less clear. The rate of hydrogen 
evolution would generally be expected to increase with increasing 
H+ concentration, a trend which was indeed observed in this 
system as a function of pH when controlling for the other system 
variables (Figure 4). However, at a consistent initial pH with a 
fresh Pb working electrode, the H2 faradaic efficiency steadily 
increased throughout the electrolysis as shown in Figure 8 despite 
simultaneously increasing pH at the cathode. At -1.8 to -2.0 V vs 
Ag/AgCl, the change in H2 FE was modest, increasing by 10 - 
30% FE over two hours. At -2.1 V vs Ag/AgCl, the hydrogen FE 
increased dramatically from 7% to 78% over two hours. 
Counterintuitively then, HER was increasingly promoted during 
the electrolysis despite the decreasing concentration of H+ ions at 
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the cathode as reflected by the increasing catholyte pH. The exact 
reason for the increased H2 FE with time is not totally clear at 
present, but we speculate that it is related to the observed 
formation of a brittle black layer on the Pb wire cathode during 
electrolysis. The film surface, which is noticeably rougher than the 
pristine Pb wire (Figure S7), may be more selective for HER than 
Pb, leading to increasing H2 FE as the film forms and increases in 
surface area during the experiment. This type of phenomena has 
been seen previously for the deactivation of CO2 reduction 
electrocatalysts like Ag and Cu as deposited contaminants and 
graphitic carbon on the surface shifted the selectivity toward 
hydrogen.[26] Selectivity towards hydrogen has also been shown 
to increase on Pb cathodes due to slow reduction of a meta-stable 
surface oxide layer.[27] Preliminary SEM and XPS surface 
characterization of the black film is shown in Figure S6 of the SI. 
 

Figure 8. (A) Faradaic efficiency (FE) for hydrogen and (B) corresponding total 
current density versus time at a Pb wire cathode with CO2 bubbling in saturated 
KCl, methanol catholyte with an initial pH ~1.5 and aqueous 56 mM KCl, 3 mM 
HCl anolyte. The legend shows the applied bias to the Pb electrode, V vs 
Ag/AgCl in each case. 

Conclusion 

CO2 reduction in acidic methanol using a Pb cathode was 
investigated with a focus on determining optimal conditions for the 
production of methyl formate. To minimize methanol 
decomposition at the anode, a dual electrolyte system was 
employed with methanol catholyte separated from aqueous 
anolyte across an ion exchange membrane. The pH of the 
catholyte was determined to play a critical role in the selectivity 
among the CO2 reduction liquid products based on both the pKa 
of formic acid and the acid-catalyzed esterification of methanol 
and protonated formic acid to produce methyl formate. The 
applied bias was an important factor as well, with potentials 
negative of -1.8 V vs Ag/AgCl leading to increased CO2 reduction 
faradaic efficiency to liquid products. High selectivity towards 
methyl formate was observed when the methanol catholyte pH 
was maintained below 2.5, reaching as high as 75% FE to methyl 
formate at -2.0 V vs Ag/AgCl. Increasing catholyte pH at longer 
electrolysis times, however, favored a shift towards formic acid 
and eventually formate production. In addition, the in-situ 
formation of a black surface layer during electrolysis coincided 
with a gradual increase in the rate of the competing hydrogen 
evolution reaction. 
 The results indicate that an electrolyzer capable of > 85% 
faradaic efficiency to methyl formate is possible with further 
optimization of the supporting electrolyte and cell design. 
Furthermore, the partial current density observed for CO2 
reduction products reached high values for H-cell measurements 
(-37 mA cm-2). The CO2 reduction reactivity was not highly 
sensitive to water, permitting the use of an aqueous anolyte, but 
the sensitivity of the simultaneous esterification reaction 
necessitates minimal water crossover to the cathode to promote 
high methyl formate selectivity. Thus, the sustainable water 
oxidation half-reaction can be coupled to CO2 reduction with 
methanol/formic acid esterification to provide the easily purified 
volatile product methyl formate. The process demonstrates the in-
situ synthesis of a CO2 reduction product not observed in aqueous 
electrolysis and highlights a pathway for similar routes to 
incorporate intermediate species with waste CO2 to value-added 
chemicals. Future efforts to stabilize methyl formate production 
will focus on strategies to maintain a low catholyte pH, including 
the addition of buffer species, composite membranes to decrease 
water crossover, elimination of chloride in the anolyte to prevent 
anodic chlorine production, and the isolation of supporting 
electrolyte K+ cations at the cathode to promote proton migration 
from the anode.[28]   

Experimental Section 

Electrochemical Measurements. All experiments used Pb wire 
(99.995%, 0.5 mm diameter, BeanTown Chemical) working 
electrodes with the Pb soldered to a copper wire that was encased 
in a glass tube and sealed using Loctite EA9460 epoxy. The 
exposed Pb wire was cut to a length of 4 cm and mechanically 
polished until shiny. A fresh electrode was used for each 
electrochemical experiment. Electrochemical experiments were 
performed in a custom two-chamber glass H-cell (Figure 1). A 
polytetrafluoroethylene ionomer sheet, Nafion 115 
(Fuelcellstore.com), was cut to 4 x 4 cm, hydrated with deionized 
water, and used as a proton exchange membrane between the 
cell chambers. The cathode side of the membrane was patted dry 
prior to assembly. The cathode chamber contained the Pb 
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working electrode and Ag/AgCl (1 M KCl) reference electrode, 
while the anode chamber contained a Pt mesh counter electrode. 
Unless stated otherwise, the cathode was initially filled with 25 mL 
of methanol (VWR, 99%) saturated with KCl (~ 56 mM) and the 
anode was filled with 25 mL of 56 mM KCl in 18 MΩ-cm water.  
For the studies of potential dependence, the catholyte had an 
initial pH ~ 1.5 derived from equilibration of the electrolyte with the 
Nafion membrane and estimated to be equivalent to 3 mM HCl 
(see SI for discussion of pH in methanol/water mixtures). The pH 
values were measured using a Laqua glass body pH probe filled 
with methanol which was saturated in KCl, and the probe was 
standardized using aqueous buffers. An MKS mass flow controller 
was used to flow 20 sccm of CO2 or Ar (both 99.99%) pre-
saturated with methanol through a medium porosity glass gas 
diffuser into the cathode in the vicinity of the Pb working electrode. 
The electrodes, gas diffuser, and head space exhaust were 
sealed in place by an air-tight cell cap (Pine Instrument Company). 
Either a BioLogic SP-200 or a Metrohm PGSTAT100N 
potentiostat with electrochemical impedance spectroscopy (EIS) 
were used for all measurements. Potentiostatic EIS 
measurements were performed before every CO2 reduction 
experiment to determine the uncompensated solution resistance, 
and the potentiostat subsequently compensated for 85% of this 
resistance during electrolysis.   
Product Analysis. CO2 reduction products were measured by 
gas chromatography (GC, SRI 8610) and nuclear magnetic 
resonance (NMR, Agilent VNMRS 700 MHz) spectroscopy for the 
gas and liquid products, respectively. The cathode gas 
headspace was analyzed by in-line GC measurements with a 
thermal conductivity detector (TCD) and flame ionization detector 
(FID) which sampled 1 mL at an exhaust flow rate of 20 sccm 
every 27 min, giving 5 data points in a two-hour experiment. H2 
and CO were quantified based on calibration gases, and no other 
gaseous products were detected during the experiments. Liquid 
products were analyzed by 1H NMR using the following sample 
preparation: 600 µL of electrolyte solution and 200 µL d6-DMSO 
(Cambridge Isotopes, 99.9%) containing a DMF internal standard 
(to a final concentration of 3 mM DMF) were mixed until 
homogeneous. The sample was then analyzed in an NMR 
equipped with an HCN cryoprobe using a two-signal solvent 
suppression pulse sequence, and chemical shift values were 
referenced to residual DMSO at 2.50 ppm. The integration values 
of formate (chemical shift, δ ~ 8.42 ppm), formic acid (δ ~ 7.99 
ppm), and methyl formate (δ ~ 8.00 ppm with a 3H singlet at 3.60 
ppm) were measured against the DMF internal standard using a 
calibration curve. The peaks for the formyl C-H of formic acid and 
methyl formate often overlapped in the spectra, so the ratio of the 
two was determined by dividing one third of the integration of the 
peak at δ ~ 3.60 ppm by the integration at 8.00 ppm (see SI). 
Faradaic efficiency was calculated for chronoamperometric 
measurements by determining the charge required to produce the 
measured product concentration and dividing by the total charge 
passed during the time the sample underwent electrolysis as 
determined by the integration from the potentiostat. 
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