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Abstract

Pulsed  electrolysis  has  been  demonstrated  to  improve  the  FE  to  C2+ products  during  the

electrochemical reduction of CO2 over a Cu catalyst, but the nature of this enhancement is poorly

understood. Herein, we develop a time-dependent continuum model of pulsed CO2 electrolysis

on Cu in 0.1 M CsHCO3 that faithfully represents the experimentally observed effects of pulsed

electrolysis.  This  work  shows  that  pulsing  results  in  dynamic  changes  in  the  pH  and  CO2

concentration  near  the  Cu surface,  which  lead  to  an  enhanced  C2+ FE as  a  consequence  of

repeatedly accessing a transient state of heightened pH and CO2 concentration at high cathodic

overpotential. Using these insights, a variety of pulse shapes are explored to establish operating

conditions that maximize the rate of C2+ product formation and minimize the rates of H2 and C1

product formation.
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Electrochemical  carbon  dioxide  reduction  (CO2R)  holds  considerable  potential  for  using

renewably sourced electricity (wind and solar) to convert CO2 to valuable chemicals and fuels.1–3

Of the catalysts explored for this process, copper (Cu)-containing materials are uniquely capable

of catalyzing CO2R with high faradaic efficiency (FE) to C2+ products.3–5 These findings have

motivated efforts aimed at enhancing the C2+ FE.5,6

Recent studies have demonstrated that the microenvironment surrounding the Cu catalyst

plays a significant role in dictating FE; therefore, developing an understanding of the impacts of

microenvironment is critical to guiding improvements in performance.4,5,7,8 For instance, because

the current density for C1 products is depressed at high pH, increasing the pH near the cathode

surface leads to improvements in C2+ FE.4,5,9–12 Additionally, increasing local CO2 concentration

increases current density for CO2R and suppresses the H2 evolution reaction (HER).5,13,14 It has

also been demonstrated that films of an organic material  or ionic liquids in contact with the

catalyst enhance the FE to C2+ products through control of mass transfer and/or stabilization of

intermediates to these products.15–17 Lastly, the use of tandem bi-metallic catalysts, e.g., Ag-Cu,

can contribute to higher concentrations of adsorbed intermediates, enhancing C2+ FE.18 

Another method for enhancing C2+ FE is pulsed electrolysis.19–26 In this case, the cathode

potential is alternated between a more and less cathodic potential. The more cathodic potential is

typically near 1.0 V vs RHE, whereas values of the less cathodic potential range between 0.8 to

+0.4 V vs RHE. When the less cathodic potential is above +0.4 V vs RHE, periodic oxidation

and  reduction  of  Cu  restructures  the  Cu  surface.21 Kim  et  al.21 have  reported  the  pulsed

electrolysis of CO2 in 0.1 M CsHCO3, using a pulse sequence of 10 s periods between cathodic

voltages of 0.8 and 1.15 V vs RHE. Their work showed that the C2+ FE and total current density

increased upon pulsing. To interpret these data, the authors simulated variations in the surface
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pH  and  CO2 concentration  given  the  experimentally  measured  current  density.21 They  then

proposed that the enhanced concentration of CO2 during pulsed electrolysis was responsible for

the enhancement in C2+ product formation. Since their model did not include the effects of pH

and CO2 concentration  on the  kinetics  for  forming individual  products,  they were unable  to

assess the influence of these parameters. In this study, we describe a continuum model of the

CO2R boundary layer that overcomes these shortcomings and provides quantitative information

about  the  influence  of  pulsed  electrolysis  on  C2+ FE  and  current  density,  proposing  that  a

transient  state  of heightened pH, CO2 concentration and driving potential  are responsible for

improved CO2R.15 The dynamic model reported here is also used to optimize pulse shape to

maximize C2+ FE.

Figure 1A illustrates the 1-D model. It consists of a Cu electrode and the associated 100

μm thick mass-transport boundary layer. Model details are given in Section S1 of the SI. A time-

dependent  Dirichlet  boundary  condition  is  used  at  the  Cu  surface  to  describe  the  applied

rectangular-wave potential. The pulse shape for most of the simulations is that employed by Kim

et al.21 A Neumann boundary condition is applied for species flux at the Cu surface as described

using Butler-Volmer kinetics (see Section S2).27 At the outer boundary, the concentration of all

species is defined by bulk concentrations in 0.1 M CsHCO3, assuming that the CO2 concentration

is given by Henry’s Law at 1 atm pressure and 25°C (34 mM).28 The equations representing the

model were solved in COMSOL Multiphysics 5.5 (see Section S3 for computational methods). 

The results of the simulation are depicted in  Figure 1. As seen in  Figure 1B, the simulated

product FEs are quite consistent with the experimental data of Kim et al.21 In this work, pulsed

electrolysis is compared to static electrolysis at the same time-averaged potential, because these
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two scenarios represent identical voltage efficiency (defined as the standard reduction potential

divided  by  the  applied  cathodic  potential).  This  efficiency  metric  is  chosen  primarily  for

simplicity of comparing modeled results of pulsed electrolysis with various pulse shapes to those

of static electrolysis. However, future studies should aim to utilize more sophisticated power-

based efficiency metrics for transient systems. The simulation shows that pulsing improves the

FE for C2+ products from 42 to 65%, and the total current density from 6.22 to 7.98 mA cm-2.

These  results  are  consistent  with  experiments,  which  show that  the  FE for  C2+ products  is

enhanced from 48 to 80%, and the current density increases from 7.20 to 8.10 mA cm-2. 
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Figure 1:  (A) Schematic representation of the boundary-layer model and boundary conditions.
(B) Comparison of the product FEs (stacked bars) and total current densities (markers) observed
experimentally21 and those determined from simulations of both static and pulsed electrolysis.
For static electrolysis, the product FEs shown represent static electrolysis at the time averaged
potential  of  −1.37  V vs.  SHE.  Pulsed  electrolysis  is  conducted  using  a  rectangular  voltage
waveform between −1.20 V vs SHE (Φ1) and −1.55 V vs SHE (Φ2), with 10 s holds at each
voltage (t1,  t2).  Experimental  FEs are normalized to a total  of 1.  (C) Overview of simulated
pulsed CO2R. (i) Applied cathodic potential on an SHE scale, (ii) cathodic potential on an RHE
scale, (iii) surface pH, and (iv) surface CO2 concentration. (v) Partial current density due to H2,
(vi) C1 products, and (vii) C2+ products. (viii) Total current density. Dashed lines represent values
for a static applied potential at the time-average potential.

The time-dependent profiles depicted in Figure 1C demonstrate further consistency with

experimental  results.  The  CO2 profile  is  quite  similar  to  that  measured  by  differential

electrochemical  mass  spectrometry  reported  by  Kim  et  al. (Figure  S3),  and  the  pH profile

matches their original simulation.21 Since all of the surface reactions generate OH anions at a

molar rate equivalent to that of charge passed through the electrode,29–31 the surface pH increases

as  the  applied  overpotential  and  current  density  increase.  Conversely,  due  to  increased

consumption of CO2 at higher overpotentials, the local CO2 concentration decreases. The time-

dependent profiles of the surface concentrations of electrolyte ions (Figure S4) reveal that at the

higher currents where pH is enhanced, the local buffer equilibria shift heavily towards  CO3
2−,

which in turn decreases the local CO2 concentration and increases the concentration of Cs+ at the

surface  due  to  the  enforcement  of  electroneutrality  in  the  simulation.10 Lastly,  it  has  been

reported that the FE for C2+ products dominates at higher applied potentials and that the FEs for

C1 products and H2 dominate at lower applied potentials.4,32 The model presented captures these

trends very effectively.

We  note,  however,  that  there  are  discrepancies  between  the  pulsed  simulations  and

experimental behavior. First, the transient spikes in total current density observed experimentally

(Figure S3a) were less pronounced because the data acquisition time was 1 s.21 When the data
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acquisition time was decreased to 0.2 ms, the peaks were enhanced (Figure S3b). The time-

dependent CO2 concentration profile (Figure S3c) is also consistent with those simulated, but the

concentration  swings  are  slightly  less  severe.  These  discrepancies  in  the  CO2 peaks  can  be

attributed to the inability of the potentiostat to perform perfect step changes, the 1-s acquisition

time  of  the  differential  electrochemical  mass  spectrometry,  or  the  omission  of  double-layer

formation from the model.9 The time constant for the double-layer charging is approximately 6-

30 ms,21,33 and  during that  period,  current  would  be dominated  by  double-layer  charging as

opposed to CO2R,  mitigating the peaks simulated.  To capture fully these effects,  requires a

molecular-scale representation of the electrolyte double-layer, which is beyond the scope of the

current work. While the exact values for simulated C2+ FE and total current density differ slightly

from experiment, the trends are replicated to a reasonable level, and the discrepancies can be

ascribed  to  errors  in  the  fitted  kinetic  parameters,  or  the  experimental  data  collection

capabilities.9 

Inspection of the reaction kinetics used in the model (see Section S2)12,34 reveals how the

partial  current  density  for  each  product  depends  on  the  local  pH  and  CO2 concentration.

Consistent with both experimental and theoretical studies,4,5,11,12,35,36 the partial current densities

for  all  CO2R  products  exhibit  an  approximately  first  order  dependence  on  the  local  CO2

concentration  under  the  assumption  of  low  surface  coverage  by  all  adsorbed  species.  This

assumption is supported by operando  vibrational spectroscopy during CO2R, which shows no

signals for adsorbed intermediates during static elecrolysis.37 Therefore, at a constant potential

vs. SHE, increasing the local concentration of  CO2 will increase partial current densities for all

CO2-derived products  about  equally  but  have no effect  on the  partial  current  density  for  H2
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formation.  Consequently,  with  increasing  local  concentration  of  CO2,  the  FE  for  H2 will

decrease, but the relative ratio of FEs for C1 and C2+ will remain relatively unchanged due to their

similar  orders  in  the  concentration  of  CO2.  Regarding  pH,  the  C1 products  and  H2 current

densities  have  activation  energies  dependent  on  pH  on  the  SHE  scale.4,11,12 When  the  pH

increases,  the  current  densities  for  both  C1 and  H2 products  decrease  relative  to  the  current

densities for  C2+ products.

Additional insights into the manner that pulsed electrolysis contributes to the observed

changes  in  product  distribution  can  be  obtained  by  examining  a  simulation  for  the  start-up

transient that leads to static electrolysis.  Figure 2C illustrates the simulated start-up transient

when the cathode voltage is suddenly reduced to 2 = −1.55 V vs SHE. This figure shows that a

transient condition of pH and CO2 concentration can be accessed at the onset of the transient that

is not accessible under steady-state conditions. Within the first second, a high local concentration

of CO2  is attained, which, as noted above, significantly enhances the current density for CO2R

and suppresses H2 evolution. This high current density rapidly boosts the surface pH, shifting the

C2+ FE to a transient maximum that declines slightly as the CO2 is depleted at the surface and the

current density falls to its static value. Hence, by applying a pulsed potential signal, a transient

maximum C2+ FE can be repeatedly realized as shown above in Figure 1C and Section S6. This

phenomenon enables increased C2+ partial current densities when compared to static electrolysis

at the time-averaged potential.  The impacts of pH and CO2 on C2+ product formation can be

further  appreciated  by  comparing  their  time-averaged  values  to  those  of  static  electrolysis.

Pulsed electrolysis enables higher pH than every scenario except for static electrolysis  at the

more cathodic potential  and enables a CO2 concentration at the cathode surface only slightly
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reduced  when  compared  to  static  electrolysis  at  the  time-averaged  potential.  These  effects

become  more  apparent  when  considering  charge  weighted  time-averaging  (see Section  S7),

which  more  heavily  weights  portions  of  the  pulse  where  more  current  is  passed  to  better

represent  the  state  of  the  electrode  surface  associated  with  the  electrolysis.  Based  on  this

analysis, the pulsed signal possesses a charge-weighted, time-averaged potential of −1.52 V vs.

SHE, surface pH of 10.93, and surface CO2 concentration of 8.5 mM. This transient state is not

achievable under conditions of static electrolysis, and helps explain the observed enhancements

in current density and C2+ FE. 

The  transient  analysis  above  elucidates  a  further  area  of  improvement  in  the  model.

While  the  assumption  of  a  low coverage  of  adsorbed  CO has  been  demonstrated  for  static

electrolysis,37 it is possible that the transient state of high current density and CO2 concentration

observed at the beginning of the pulse causes the low-coverage assumption to no longer be valid,

and a high coverage of adsorbed CO would further suppress the formation of H2. This idea might

explain the discrepancy between the H2 FE for simulated and experimental pulsed electrolysis.

We note, however, that capturing these effects requires a complete microkinetic model, and the

kinetics used here demonstrate that a significant portion of the enhancements observed for pulsed

electrolysis can be ascribed to the combined transient effects of enhanced CO2 concentration and

pH.
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Figure  2:  (A)  Comparison  of  FEs  (stacked  bars)  and  current  densities  (markers)  of  static
electrolysis at the (i) less cathodic, (ii) more cathodic, and (iii) time-averaged potentials to those
in (iv) pulsed electrolysis where 1 = −1.20 V vs SHE and 2 =  −1.55 V vs SHE, and t1 = t2 = 10
s.  (B) Comparison  of  local  pH  during  static  electrolysis  at  the  (i)  less  cathodic,  (ii) more
cathodic, and (iii) time-averaged potentials to time-averaged pH in (iv) pulsed electrolysis.  (C)
Transient start-up behavior of static electrolysis at 2 = −1.55 V vs SHE. (i) Surface pH, (ii) C1

product formation pH dependence, (iii) surface CO2 concentration, and (iv) total current density.
(v) Faradaic efficiency of H2,  (vi) C1 products, and (vii) C2+ products.  (viii) Ratio of C1 to C2+

product current densities. 

The rate of mass transfer to and from the cathode surface is also known to affect the rate

of CO2R and the distribution of products formed. Our model captures the influence of mass-

transfer through the choice of the boundary-layer thickness.  As the boundary-layer thickness

decreases, the rate of CO2 mass transfer to the cathode increases, as does the rate of OH mass

transfer from the cathode.6,38,39 By changing the boundary-layer thicknesses under conditions of

static  electrolysis,  it  is  possible  to  discern  how mass  transfer  impacts  the  pH and  the  CO2

concentration  at  the  cathode  and,  in  turn,  the  total  current  density  and  the  distribution  of
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products.  As shown in  Figure 3b-c and  Figure S8,  decreasing the boundary-layer thickness

increases  the  surface CO2 concentration  while  maintaining  the pH relatively  constant.  These

changes can be rationalized in the following way. The increased flux of CO2 that occurs upon

reducing the boundary-layer thickness increases the local concentration of CO2 at the cathode.

The increased CO2 concentration  increases  the  CO2R current  density  (due the positive  order

dependence on CO2 concentration for all reactions that produce C-containing products). The rate

of  OH generation  is  also  enhanced  but  is  offset  by  the  improved  transport  away  from the

electrode surface. The net effect of these changes is to decrease the FE for H2 generation, as can

be seen in Figure 3a. However, there is no notable improvement in the ratio of C2+/C1 products

because the pH remains basically the same. These results are consistent with the findings of prior

studies in which the boundary layer thickness was reduced by increasing the flowrate of CO2

through the electrolyte or the supply of CO2 to the cathode was increased by increasing the

partial pressure of CO2.4,39–41 

By contrast, pulsed electrolysis results in an increase of about 0.3 of a pH unit (about a 2-

fold increase in the OH concentration) near the cathode and about a 20% decrease in the local

concentration of CO2. As shown in Figure 3A, these effects lead to a suppression in the FE for

the  HER and  increase  in  the  FE for  the  CO2R.  This  analysis  further  demonstrates  that  the

changes in observed product distribution seen in pulsed electrolysis are due to the effects of both

local  pH and CO2 concentration and not only the latter,  as had been proposed earlier.21 The

simulations reported here clearly demonstrate that increases in pH drive the improvement in the

ratio of C2+/C1 products and to the reduction in the FE for HER relative to CO2R.
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Figure  3: (a) Effect of mass-transfer boundary-layer thickness on FE (stacked bars) and total
current density (markers) for static electrolysis and pulsed CO2 electrolysis with 1 = 1.55 V vs.
SHE, 2 = 1.2 V vs. SHE, and t1 = t2 = 10 s. Impact of boundary-layer thickness on (b) surface
pH and (c) surface CO2 concentration for pulsed and static electrolysis.

Another way to deconvolute the effects of pH and local CO2 concentration on pulsed

CO2R is  to  examine  the  effects  of  electrolyte  concentration  (see  Section  S10).  For  higher

concentrations of the CsHCO3, the local pH rise at the Cu surface is mitigated for both pulsed

and static electrolysis (Figure S10b) due to the enhanced buffering capacity of the electrolyte.

As expected, the time-averaged local CO2 concentration is lowered to maintain equilibrium with

the carbonate species (Figure S10c). Furthermore, as prior analysis of the kinetics has shown,

lower  pH  and  local  CO2 concentration  result  in  a  significantly  reduced  C2+ selectivity,

particularly for buffer concentrations > 1 M (Figure S10a). More interestingly, when a pulsed

potential  is  applied  to  a  system  with  a  concentrated  buffer  electrolyte,  the  model  predicts
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exceptionally high selectivity to CH4. This result is consistent with prior experimental studies for

pulsed  CO2R  on  Cu  that  demonstrated  improved  CH4 selectivity  with  increasing  buffer

electrolyte  concentration.42 The  transient  microenvironment  accessed  by  pulsing  a  highly

concentrated buffer solution is one of high CO2 concentration, high overpotential, and low pH.

These conditions are ideal for CH4 formation, which primarily occurs at high overpotentials and

is enhanced by the higher proton activities at low pHs. Therefore, pulsing provides a significant

(~40-fold  increase  for  5  M  CsHCO3)  enhancement  in  the  selectivity  of  CH4 under  these

conditions.

The model can also guide the selection of the ideal pulse characteristics for CO2R. Figure

4a demonstrates  that  increased  pulse  amplitude  leads  to  increased  current  density.  It  is  also

observed  that  CH4 FE becomes  significantly  enhanced  at  higher  amplitudes  as  result  of  its

increased  FE  at  high  overpotentials  as  observed  in  static  electrolysis.4,12,21 Therefore,  the

intermediate cathodic potential,  1 = 1.55 V vs. SHE, provides an optimal operating potential.

Additionally, Figure 4b shows that a shorter pulse width leads to greater current density and C2+

FE.  This  result  further  demonstrates  the  importance  of  repeated  access  to  the  previously

described  transient.  As the  pulse  width  decreases,  the  fraction  of  time  spent  in  the  state  of

increased pH, CO2,  and overpotential  is increased,  improving performance.  It  is important to

note,  however,  that  this  enhancement  will  eventually  be  limited  by  double-layer  charging,

because for shorter pulses (< 1 s), the current density will become dominated by double-layer

charging as opposed to CO2R.19,26
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Figure  4:  Effect of pulse characteristics on pulsed CO2 electrolysis on FE (stacked bars) and
total current density (markers). (a) Impact of pulse amplitude, (b) pulse width, (c) more cathodic
potential, and (d) less cathodic potential at constant time-averaged potential (SS = 1.37 V vs.
SHE).  Upper  left  inset:  Generalized  voltage  signal  with  labels  for  t1 (the  more  cathodic
duration),  t2 (the less cathodic duration),  1 (the more cathodic pulse potential),  2 (the less
cathodic pulse potential), and SS (the steady-state potential). Insets depict various pulse shapes.
See Section S11 for transient profiles for each pulse shape.

Lastly,  the  impact  of  duty  cycle  at  a  constant  vertex  potential  (Figure  4c-d)  was

evaluated.  In  these simulations,  the duty cycle was modulated  while  maintaining  one of the

vertex potentials at the same time-averaged potential. As expected, the current density increases

when the magnitude of the more cathodic potential increases (Figure 4c). However, 1 = 1.55

V vs. SHE was found to be optimal for maximizing C2+ FE for the same reasons outlined above

in the discussion of pulse amplitude. The highest current density and C2+ FE of any pulse shape

was achieved by minimizing the less cathodic duty cycle at the optimal more cathodic potential

of 1 = 1.55 V vs. SHE (Figure 4d). This effect seems to be primarily driven by the reduced

time and more positive potential at the less cathodic vertex limiting the amount of current passed

during a state of low overpotential and pH, amplifying the charge-averaged potential and pH (see

Section S12).  However,  this  enhancement  is  also  limited  because  at  more  positive  cathodic
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potentials, Cu oxidation can occur, as well as the oxidation of the formed CO2R products.21 It is

important  to note that the pulse shapes explored are a subset of those possible and the ones

suggested are only the best amongst those studied, but this analysis demonstrates key trends and

cements  the  importance  of  achieving  states  of  maximum  pH,  CO2 concentration,  and

overpotential to enhance C2+ FE.

Pulsed electrolysis  has been demonstrated to improve the FE of C2+ products, but the

cause of these improvements has not been properly understood. In this study, a multiphysics

model  of  pulsed  CO2 electrolysis  was  developed  that  agrees  with  experimental  trends  and

deconvolutes  the  effects  of  pH and  CO2  concentration  on  the  kinetics  of  CO2R.  This  work

demonstrates that enhancements in C2+ FE observed for pulsed electrolysis are primarily driven

by accessing to transient state of high pH, CO2 concentration, and overpotential, and not solely

due to a high  CO2 concentration, as suggested previously.21 Furthermore, the ideal pulse shape is

one for which the more cathodic potential is held around 1.55 V vs. SHE to increase pH without

entering a regime of high CH4 selectivity, and the less cathodic pulse duration and overpotential

are both minimized to allow for improved access to the aforementioned enhanced state.  The

work also identifies areas for improving the accuracy of the model, especially at time scales

where coverage effects and double-layer formation are relevant. In summary, the results of the

present study provide insights to CO2R that further clarify the role that the microenvironment at

the cathode plays in dictating the observed FE and performance of CO2R on Cu.
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