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Abstract 

Decoupling and understanding the various mass, charge and heat transport phenomena 

involved in the electrocatalytic transformation of small molecules (i.e. CO2, CO, H2, N2, 

NH3, O2, CH4) is challenging but it can be readily achieved using dimensionless 

quantities (i.e. Reynolds, Sherwood, Schmidt, Damköhler, Nusselt, Prandtl, and Peclet 

Numbers) to simplify the characterization of systems with multiple interacting physical 

phenomena. Herein we report the development of a gastight rotating cylinder electrode 

cell with well-defined mass transport characteristics that can be applied to 

experimentally decouple mass transfer effects from intrinsic kinetics in electrocatalytic 

systems. The gastight rotating cylinder electrode cell enables the dimensionless 

analysis of electrocatalytic systems and should enable the rigorous research and 

development of electrocatalytic technologies. 
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1 INTRODUCTION 

The development of devices for the electrochemical activation and transformation of 

small molecules such as CO2, CO, N2, CH4 and H2O into fuels, chemicals and fertilizers 

at global scales is a promising approach to the utilization of increasingly ubiquitous 

renewable electricity and the reduction of carbon emissions associated with the 

chemical process industries.1-3 The electrification of chemical production systems and 

the realization of technologies capable of operating at global scales will depend not only 

on the demonstration of active and selective electrocatalysts in the laboratory, but also 

on the understanding of the mass, heat and charge transfer phenomena involved so 

that these systems can be one day scaled-up and commercialized. In studying the 

kinetics of small molecule activation on the surface of an electrode, it is essential to 

evaluate the relative contributions of mass transfer and true surface reactions. Such a 

distinction has been fundamental to the development and industrialization of thermo-

catalytic processes and the theory of heterogeneous catalysis in general. In 

electrocatalysis, particularly for transformations that involve gas phase reactants, the 

distinction between intrinsic kinetics and mass transport limited kinetics has not been 

achieved due to the low solubility of gases in the electrolyte, competing homogeneous 

reactions involving these substrates and the lack of electrochemical cells with well-

defined transport characteristics. Together, these factors have limited our understanding 

of the role of mass transport in electrocatalysis and hindered the advancement of the 

field.4  

In order to gain insights into fundamental electrocatalytic reaction kinetics and to create 

a basis for the rational design of electrochemical reactors, we have developed a 
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gastight rotating cylinder electrode (RCE) cell that allows the detection and 

quantification of gas and liquid products generated on rotating cylinder electrodes under 

the conditions of well-defined hydrodynamics (Figure 1). The cylinder electrode area in 

the RCE gastight cell is 15 times larger than those common to rotating disk (RDE) 

electrodes (disk areas are typically around 0.2 cm2) and because of its geometry, the 

RCE does not suffer from surface blockage from bubbles evolved in the process which 

has been a limiting factor for RDE systems.5 The large geometric area to electrolyte 

volume in the gas-tight RCE cell results in detection limits for liquid products in the order 

of few µM in hour-long experiments and the on-line detection of gas products in the 

order of 1 ppm which are equivalent to partial current densities of less than 10 µA cm-2. 

The gastight rotating cylinder electrode system presented here offers access to the 

rigorous study of electrode kinetics even at low current densities in low roughness, 

idealized electrodes. In this first description of the gastight rotating cylinder electrode 

Figure 1. Schematic of the gas-tight rotating cylinder electrode cell prototype. 



4 
 

cell construction, we report on the quantification of products generated during various 

electrocatalytic transformations of an industrial interest such as the electrochemical 

hydrogen evolution, nitrite reduction to ammonia, and the carbon dioxide reduction to 

fuels and chemicals. In this work, we also demonstrate the combination of 

dimensionless analysis along with experiments under well-defined condition of mass 

transport to show that the reduction of CO2 to C1 and C2+ alcohols and hydrocarbons on 

polycrystalline copper electrodes is a first-order reaction process on the local 

concentration of CO, the main reaction intermediate. We show that the residence time 

of CO near the surface of the electrode is controlled by mass transport and that 

changing the residence time of CO is sufficient to change product selectivity without 

changing the electrode intrinsic kinetics. 

2 ELECTROCHEMICAL CELL DESIGN  

2.1 Prototype Cell Design 

The first prototype of the gas-tight rotating cylinder electrode cell (Figure 1) is based on 

the design introduced by Jung et al.6 where a follower magnet inside the cell traces, via 

magnetic coupling, a driver magnet outside the cell. The driver magnet is mounted on 

the shaft of a modulated speed rotator (MSR, Pine Research Instrumentation) with a 

range of rotation speeds that extends over 3000 rpm. The magnets (Magnetic 

Technologies, LTD.) are disc-shaped, and each consists of six alternating poles that 

allow the transmission of torque from the driver magnet to the follower magnet through 

air and the cap of the cell. The distance between the driver magnet and the top of the 

cap (air gap) is maintained close enough during operations to minimize lagging of the 

follower magnet. In order to determine the accuracy on the control of rotation speeds in 
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the gas-tight cell, the rotation speeds for both the driver and the follower magnets were 

measured using a tachometer (Pine Research Instrumentation) while varying the 

rotation speed from the modulated speed rotator (MSR). The rotation speeds of both 

magnets are the same for a broad range of rotation speeds (Figure 2). This indicates 

that the magnetic coupling is strong enough to transfer torque from the driver magnet to 

the follower magnet, and the rotation speed of the rotating electrode inside the gas-tight 

cell can be readily controlled from the MSR controller outside the cell. 

The follower magnet is secured to a stainless-steel shaft tip (Pine Research 

Instrumentation) where the working electrode is mounted. This assembly rotates 

together while aligned centered through a sleeve bearing in the cell’s cap.  The cell cap 

contains the electrical connections and is designed to reduce the headspace above the 

electrolyte in the working electrode compartment. Reducing the headspace volume is 

Figure 2. Rotation speeds of the driver (black square) and the follower magnet (orange 
triangle) measured using a tachometer while varying rotation speed from the modulated 
speed rotator (MSR). 
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critical to shorten the time for produced gases to equilibrate within the working electrode 

compartment before injection into the gas chromatograph (GC) for their on-line 

detection and quantification. 

The cap for the working electrode compartment has three threaded ports to 

accommodate leak-free gas fittings (Swagelok). One of these ports is used to bring in 

the gas feed into the cell and bubble it directly into the electrolyte. A second port serves 

as the gas outlet which transfers gas in the headspace out to the GC. The last threaded 

port on the top is an auxiliary port which can be used to introduce a second gas feed, 

measure the electrolyte temperature, or collect liquid aliquots during electrolysis. The 

cell’s cap also holds a port for the reference electrode. Two threaded ports on the side 

of the cap allow the docking of custom-made cylinder blocks where commercially 

available spring-loaded silver-carbon brushes (Pine Research Instrumentation) can be 

positioned to make electric contact to the shaft. The brush contacts provide a stable 

electrical connection under rotation, while the other end of the spring is connected to the 

working electrode lead of the potentiostat through a stainless-steel rod. The prototype 

cell has an H-shape (Figure 1) where the working and counter electrode are separated 

by an ion conductive membrane. The cap for the counter electrode compartment only 

has three threaded ports from the top: one for the counter electrode, and the other two 

for the inlet and the outlet of gas. As in the original design by Jung et al.,6 two O-rings 

between each compartment and its cap, and one O-ring between the working and the 

counter compartments are primarily responsible for ensuring a hermetic seal of the 

entire cell.  
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2.2 Second-Generation Gastight RCE Cell Design 

While using the first prototype of the gas-tight rotating electrode cell, we sought for ways 

to improve the cell design. The main challenge encountered during the operation of the 

prototype version of the cell is the limitation in the current that can be achieved using 

the potentiostat due to a high overall cell resistance. A small cross section area of the 

membrane that separates the working and the counter electrodes limits the area 

available for ion transport between the electrodes and causes a large potential drop. 

This makes it difficult to explore high overpotential regimes especially when using lower 

concentration of the supporting electrolyte when the ionic conductivity is low. 

Figure 3. Second-generation gas-tight rotating cylinder electrode (RCE) cell design. A) 
Schematics of the 2nd generation cell with the modification to a compression-type 
counter electrode compartment and the addition of heating/cooling element. B) Current 
potential curve comparison for a 0.1M KHCO2 solution in the prototype and 2nd 
generation RCE cell. Applied potential is not compensated for solution resistance. The 
maximum current is limited by the ion transport resistance between the working and 
counter electrode. 

A B 
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In the second-generation of the gas-tight rotating electrode cell, we have removed the 

channel that separated the two cell compartments and instead have attached the 

counter electrode as an auxiliary piece to the main body of the rotating cylinder through 

a compression design (Figure 3A). This compression type connection to the counter 

electrode side of the compartment resembles the design first introduced by Kuhl et al. 

for electrochemical CO2 reduction,1 which is now commonly used in fundamental 

electrocatalysis studies. In this modified counter electrode compartment, gas is bubbled 

from the bottom of the compartment and exits through the top of the middle plate, while 

the membrane and the counter electrode foil are compressed against the O-rings in 

between the working electrode compartment and the middle plate, and the middle plate 

to the end plate, respectively. Hex screws that go through the entire lower 

compartments and nuts are used to compress and hermetically seal the cell. 

By removing the channel in the first prototype cell, we were able to shorten the distance 

between the working and the counter electrode while fully utilizing the wider cross-

sectional area of the ion conductive membrane. The modified cell design was effective 

in reducing the overall cell resistance from the working electrode to the counter 

electrode, and as a result, the current density limit increased by around 18-fold, from 7.5 

mA/cm2 to 135 mA/cm2 during electrolysis using a weakly buffered electrolyte solution 

(0.1 M potassium bicarbonate) commonly used in CO2 electrocatalysis (Figure 3B). 

Another improvement that was made in this second-generation rotating electrode cell is 

the addition of a pocket beneath the electrolyte chamber on the working electrode side 

that can accommodate a cooling/heating element. This allows the control of the cell 

temperature to study the effect of temperature in the relative contributions on the 
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apparent reaction rate from the adsorption and desorption of reaction species, intrinsic 

reaction kinetics, and the mass and charge transfer properties. The cooling block with a 

heat-exchange area of 16 cm2 was positioned 3.8 mm below the bottom of the RCE 

chamber on the working electrode side, and a bath circulator was used to circulate a 

50/50 w/w ethylene glycol and water mixture in and out of the heating/cooling element. 

With this setup, it is possible to lower and equilibrate the electrolyte temperature inside 

the working electrode compartment down to 5 oC. 

2.3 Solution Resistance Characterization 

The potential drop between the potential applied to the surface of the electrode and the 

reference electrode will be a function of the solution conductivity. The conductivity of the 

solution is a function of the temperature, the ion concentration and the nature of the ion. 

The impedance response of two 0.05M KClO4 solutions at different temperatures and 

pH, adjusted with the addition of HClO4, is shown in Figure 4. The transference number 

of protons in the pH 2.0 and pH 2.5 electrolytes are 𝑡𝑡𝐻𝐻+=0.31 and 𝑡𝑡𝐻𝐻+=0.13, respectively 

Figure 4. Impedance response as function of pH and temperature. 
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indicating that charge is predominantly carried in the bulk of the electrolyte by the K+ 

and ClO4- ions. The difference in proton concentration is still enough to result in a higher 

solution resistance for the less acidic electrolyte. In addition, the solution resistance 

increases as the temperature of the cell decreases. The solution resistance measured 

at the high frequency end of the electrochemical impedance spectroscopy (EIS) 

spectrum is proportional to the distance between the reference and working electrode 

and inversely proportional to the active area of the electrode and the electrolyte 

conductivity. While all the physical dimensions of the working and reference electrode 

are kept constant, the change in temperature affects the ion diffusivity and thus affect 

conductivity between the working and reference electrode. It can be expected that 

temperature will also have a large effect on ion transport through the membranes used 

to separate the two cell compartments with higher cell temperatures likely contributing 

to the reduction of the cell potential to drive the same current density.7   

3. RESULTS AND DISCUSSION

3.1 Mass Transport Characterization 

The hydrodynamic conditions generated by the rotating cylinder electrode immersed in 

the electrolyte are quite turbulent even at low rotation rates. At very low rotation rates, 

the flow conditions near the surface of the electrode are laminar and quickly transitions 

to a turbulent flow as the rotation rate increases. The transition from laminar to turbulent 

flow for rotating cylinder electrodes is characterized using the Reynolds number that 

quantifies the ratio between inertial forces and viscous forces in the solution. For our 

rotating cylinder with outer diameter 𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐= 1.2 cm, the Reynolds number is: 
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐
𝜌𝜌
𝜇𝜇
 (1) 

where 𝜌𝜌 is the solution density, and 𝜇𝜇 is the solution viscosity. The peripheral velocity of 

the rotating cylinder 𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐 is proportional to the rotation speed and the diameter and is 

given by Equation 2: 

𝑈𝑈𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜔𝜔 𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐
2

= 𝜋𝜋𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓
60

 (2) 

where the rate can either be expressed as a function of the angular rotation rate, 𝜔𝜔 in 

rad/s, or the frequency 𝑓𝑓 in revolutions per minute (rpm). 

In this work, we have used the electrochemical reduction of ferricyanide (Equation 3), 

protons (Equation 4) and nitrite (Equation 5) to characterize the mass transfer 

properties of the cell.8 See Supporting Information for experimental details on the 

preparation of electrolytes and the pre-treatment of electrodes. 

[𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶)6]3− +  𝑒𝑒−  ⇌   [𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶)6]4− (3) 

2𝐻𝐻+ +  2𝑒𝑒−  ⇌   H2 (4) 

𝑁𝑁𝑁𝑁2− + 5H2O + 6𝑒𝑒−  ⇌   NH3 + 7𝑂𝑂𝑂𝑂− (5) 

The reduction of ferricyanide, nitrite and protons are facile reactions resulting in the 

observed partial current to be solely limited by mass transfer at high overpotentials. The 

measured diffusion-limited current density, 𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙 is related to the mass transfer coefficient 

𝑘𝑘𝑚𝑚 by Equation 6. 

𝑗𝑗𝑙𝑙𝑙𝑙𝑙𝑙 =
𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙
𝐴𝐴

= 𝑧𝑧𝑧𝑧𝐶𝐶𝑖𝑖,𝑏𝑏𝑘𝑘𝑚𝑚 (6)
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Current-potential curves for the reduction of ferricyanide, protons and nitrite are shown 

in Figure 5 with the corresponding mass transfer coefficients as a function of the 

angular rotation rate. Oscillations of current density values occur at potentials where the 

current is limited by diffusion. Therefore, the values of limiting currents were determined 

as mean values on these plateaus. The current density observed in the current-potential 

curves is smooth at low rotation speeds of less than 100 rpm and the oscillation occurs 

in the range of 200 to 1600 rpm. It is important to note that competing electrocatalytic 

reactions at the surface of the electrode will contribute to the current density and might 

lead to the extraction of incorrect mass transfer coefficient values. This, however, is 

overcome through the coupling of electrochemical methods with analytical tools for 

product quantification. The mass transfer coefficients for nitrite reduction in Figure 5C, 

for example, have been obtained through constant potential electrolysis (Supporting 

Figure S1) at potentials between -1.1 and -1.15 V vs SHE where the Faradaic efficiency 

for the reduction of nitrite to ammonia is near 100% within experimental error. That is, 

the competing hydrogen evolution is slow at these potentials, as determined through 

gas and liquid product quantification. 

The change in mass transfer coefficient values as a function of the electrode rotation 

speed is not only a function of the flow regime (laminar or turbulent flow) and the 

molecular properties of the material being transported but these are also a function of 

the intensive properties of the fluids (i.e., temperature, viscosity, density). Figure 5, for 

example, shows that mass transfer coefficients for protons are larger than for 

ferricyanide or nitrite substrates. Likewise, mass transfer coefficients decrease at lower 

temperatures (Figure 5C) for the same rotation speeds due to changes in diffusion 
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coefficients, viscosity and density of the electrolyte with temperature. Changes in mass 

transport also affect local environments at the electrode/electrolyte interface and thus 

changes in current densities at even low overpotentials are a complex result of changes 

on surface coverage, local pH, and the local concentration and mean lifetime of reaction 

intermediates in the proximity of the electrode. All these relations have been thoroughly 

investigated in the past not only for mass but also for heat transport and have been 

carefully explained using dimensionless analysis. It is important to recognize at this 

point that although electrode rotation speeds, gas bubbling flowrates or stirring rates 

might be intuitive to most electrochemists, these are difficult to translate into the 

engineering and scale-up of electrocatalytic systems.9, 10 Dimensionless Analysis should 

thus be the preferred method of developing functional relationships to describe 

electrochemical processes, their modeling and scale-up or scale-down.11  

In dimensionless analysis there is no length, no mass and no time, therefore there are 

no scale-up problems because there is no scale. Scale-up, then, is simple: express the 

process using a complete set of dimensionless numbers and try to match them at 

various scales. The use of electrochemical cells where mass transport is well defined is 

thus the first step towards generating dimensionless data of relevance to future scale-up 

efforts. 
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Figure 5. Determination of mass transfer coefficient 𝑘𝑘𝑚𝑚 as function of electrode rotation 
speed during the reduction of A) 10 mM K3[Fe(CN)6] in 0.1 M KHCO3 solution on a Cu 
rotating cylinder electrode at 20 ºC, B) 10 mM HClO4 and 50 mM KClO4 solution (pH = 
2.0) on a Ti rotating cylinder electrode at 20 ºC, and C) 20 mM  KNO2 and 0.1 M KHCO3 
on a Cu rotating cylinder electrode at 20 ºC and 8 ºC.  

B 

C 

A 
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In this work, we will start the dimensionless analysis of the mass transport properties of 

the RCE cell by calculating the Sherwood number 𝑆𝑆ℎ which represents the ratio of the 

convective mass transfer to the rate of diffusive mass transport. The Sherwood number 

is the dimensionless version of the mass transfer coefficient and is given by Equation 7 

for the ferricyanide, nitrite and proton reduction experiments. The Sherwood number, 

according to Buckingham’s theorem12, depends only on two important dimensionless 

groups that describe the system: the Reynolds number 𝑅𝑅𝑅𝑅 and the Schmidt number 𝑆𝑆𝑆𝑆. 

𝑆𝑆ℎ𝑅𝑅𝑅𝑅𝑅𝑅 =
𝑘𝑘𝑚𝑚

𝐷𝐷/𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐
= 0.204𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅0.59𝑆𝑆𝑆𝑆0.33 (7) 

The empirical relation in Equation 7 holds true even for experiments carried out at 

different temperatures as the Schmidt number 𝑆𝑆𝑆𝑆 allows the normalization of effects 

brought about by changes in the ratio of momentum and mass transfer at different 

temperatures. The Schmidt number is defined as the ratio between the kinematic 

viscosity of a fluid and the diffusion coefficient of a molecule according to Equation 8: 

𝑆𝑆𝑆𝑆 =
𝜈𝜈
𝐷𝐷

=
𝜇𝜇
𝜌𝜌𝜌𝜌

 (8) 

The relation between the Sherwood number and the Schmidt and Reynolds number has 

been experimentally determined for the RCE cell in this work and is shown in Figure 6A. 

The Sherwood number for Reynolds numbers between 500 and 12,000 is well 

described by Equation 7 for large Schmidt numbers of over 100, while at lower Reynold 

numbers the mixing caused by the constant bubbling of the gas through the electrolyte 

results in poorly defined mass transport properties even while the electrode is static or 

being rotated at low speeds (𝑅𝑅𝑅𝑅 < 500). Most of the electrocatalytic results reported in 

the literature, where product detection and quantification are carried out for the 
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Figure 6. Mass transport characteristics of RCE cell in this work. (A) Plot of log 
Sh/Sc0.33 vs log Re. Dotted lines are the theoretical relations for the RCE in this work 
and the RDE electrode as determined by Levich. (B) Percentage error between 
experimentally determined 𝑆𝑆ℎ number and Sh=0.204Re0.59Sc0.33. (C) Development of 
Boundary layer over the RCE and its transition to turbulent flow. Diagram not to scale. 

A 

B 

C 
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transformation of small molecules such as CO2, N2 and CH4 have been obtained in H-

type cells where the electrode is static and where gas is bubbled in the bulk of the 

electrolyte. These conditions are likely to resemble the conditions at the lower Reynolds 

number in Figure 6A where mass transport is poorly defined and cannot be precisely 

characterized as either laminar or turbulent. The relation between these three 

dimensionless groups is in agreement with those observed by others in the past for 

rotating cylinder electrodes13, 14  where the Sherwood number is of the form 𝑆𝑆ℎ =

𝐾𝐾𝑅𝑅𝑅𝑅2/3𝑆𝑆𝑆𝑆1/3. The average deviation from the experimentally measured 𝑆𝑆ℎ number with 

the general correlation in Equation 7 is ±7.7% for 𝑅𝑅𝑅𝑅 > 500 (Figure 6B) while the 

maximum deviation is ~20%. 

Considering Levich’s discussion of turbulent mass transfer, the dependency of the 

Sherwood number as a power of ~2/3 with respect to the Reynolds number and 1/3 with 

respect to the Schmidt number indicate that the penetration of eddies into the laminar 

sublayers play an important role in the mechanism of the mass transfer15 in the rotating 

cylinder electrode for 𝑅𝑅𝑅𝑅 > 500 in the turbulent regime. That is, the mass transfer 

coefficient is a function of the diffusivity and viscosity of the system and is also a 

function of the distance from the solid surface. Accordingly, mass transfer near the 

surface of the rotating cylinder electrode can be better understood through the 

description of three different layers each with a uniquely predominant mode of mass 

transfer. Near the surface of the electrode, the electrolyte in contact with the surface is 

in a non-slip condition and results in a quasi-static laminar sublayer or viscous sublayer 

where the predominant mode of mass transfer is diffusion. Aqueous electrolytes under 

the conditions studied here with the Schmidt number greater than 100 result in viscous 
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sublayers 𝛿𝛿𝑣𝑣 in the order of a few tens to a few hundred µm in thickness where the 

mass diffusion boundary layer 𝛿𝛿𝑑𝑑 is very thin and will be embedded deep in the 

hydrodynamic viscous sublayer. The thickness of both the viscous sublayer and the 

mass diffusion boundary layer is a function of the Reynolds number and decreases in 

size as the Reynolds number increases. This is schematically shown in Figure 6C. 

Likewise, the boundary layer thickness 𝛿𝛿 at 𝑅𝑅𝑅𝑅 > 500 decreases slowly in size as the 

rotation speed of the electrode increases and the turbulent flow starts to dominates 

mass transport. The amplitude of the fluctuations in current shown at the bottom of 

Figure 6C corresponds to those of the limiting current in the ferricyanide reduction 

experiments in Figure 5A at different 𝑅𝑅𝑅𝑅 values. As the rotation speed and 𝑅𝑅𝑅𝑅 values 

increase the frequency of the current fluctuations increases and the amplitude 

decreases. 

For the sake of comparison, the relation for the Sherwood number in a rotating disk 

electrode is given in Equation 9. 

𝑆𝑆ℎ𝑅𝑅𝑅𝑅𝑅𝑅 =
𝑘𝑘𝑚𝑚

𝐷𝐷/𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 0.62𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸0.5𝑆𝑆𝑆𝑆0.33 (9) 

Here, the Reynold number for the RDE is given by Equation 10. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜔𝜔𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑2
𝜌𝜌
𝜇𝜇
 (10) 

An important frame of reference can be obtained when comparing RCEs and RDEs for 

the same angular rotation velocity 𝜔𝜔. The ratio of the Reynolds numbers for the two is: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

= 𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐2

2𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑2
(11)
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Thus, for a typical cylinder of 𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐 = 12𝑚𝑚𝑚𝑚 and a disk of 𝑟𝑟𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 2.5𝑚𝑚𝑚𝑚, the Reynolds 

numbers accessed by the RCE are 11.5 times larger than for the RDE at the same 

angular rotation while the Sherwood numbers are just approximately 1 to 2 times larger 

for the RCE than for the RDE. It must be noted, however, that the rotating cylinder 

electrode geometry is superior to rotating disk electrodes as the electrochemically active 

surface areas are larger, the primary current distribution is uniform (this is not the case 

in RDEs), and the hydrodynamics simulate a large range of industrial flow situations.16-

19 Indeed, RCEs have been used at industrial scales20-24 which has led earlier 

electrochemical engineers to regret the reversion to the use of RDEs in the study of 

electrode kinetics as information gathered in these disks is not relevant to 

industrialization.16, 19, 25

3.2 Towards Decoupling Mass Transport and Intrinsic Kinetics 

As proof of principle, we have used the gastight RCE system to decouple and 

rationalize the less-understood mass transport phenomena involved in the 

electrocatalytic transformation of CO2, although the same approach can be applied to 

studying the electrocatalytic transformation of other small molecules such as CO, H2, 

N2, NH3, O2 or CH4. Because the mass transport in the RCE cell is well characterized, 

we can quantitatively describe the changes in concentration of species near the surface 

of the electrode through the use of dimensionless quantities and thus simplify the 

characterization of the electrochemical CO2 reduction (CO2R) system with multiple 

interacting physical and chemical phenomena. 
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The study of electrochemical CO2 reduction systems is not new. The electrochemical 

reduction of CO2 on flat polycrystalline copper (pc-Cu) electrodes was first studied by 

Hori et al. in the 1980s.26-28 Over the last decade, this electrocatalytic transformation 

has become hugely popular,1, 29 yet, there is no definitive kinetic reaction mechanism.30-

33 Cu is known to produce carbon monoxide as the key intermediate towards further 

 

Figure 7. A) Simplified mechanism for CO2 reduction on a pc-Cu electrode surface 
showing the CO and formate pathway where CO can be further reduced to C1 and C2+ 
oxygenates and hydrocarbons. B) Experimental rates measured for the production of 
hydrogen (r0), formate (r3) and CO and further reduced products (r2) at a fixed 
potential of -1.41V vs SHE as a function of the 𝑆𝑆ℎ number. C) Breakdown of the rates 
of CO being further reduced to >2e- products as a function of the 𝑆𝑆ℎ number. Right 
axis shows the average number of electrons per CO molecule in further reduced 
products. Here, all production rates for CO2R products are calculated per CO2 
molecules consumed, and the 𝑆𝑆ℎ number is calculated using Eq. 7 where Sc=570 for 
CO.  

A 

B C 
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reduced hydrocarbons and oxygenated products while formate is known to be a 

terminal product as illustrated in the simplified reaction network in Figure 7A.29 New 

electrode synthesis methods from oxide-derived materials34 to nanoparticle catalysts35-

37 have been developed and used in the study of Cu electrocatalysts to elucidate the 

reaction mechanism and the nature of the active sites. Despite these efforts, the 

proposed mechanisms for CO2R still remain controversial as mass transport effects 

have not been taken into account in fundamental electrocatalytic studies.1, 4, 32, 38-45  

Using the gas-tight RCE cell reported here we can now confidently study CO2R 

electrocatalysis to decouple mass transport effects from intrinsic kinetics. Figure 7B 

shows the changes in rates of CO2 transformation in mol cm-2 s-1 to the two main groups 

of products (𝑟𝑟2 is for CO and further reduced products and 𝑟𝑟3 for formate) against the 𝑆𝑆ℎ 

number while holding a flat pc-Cu cylinder electrode at a constant potential of -1.41 V vs 

SHE in a 0.2 M KHCO3 solution. Here, 𝑟𝑟0 is the rate of the competing hydrogen 

evolution reaction. The first observation is that at -1.41 V vs SHE, the production of 

hydrogen increases with the increase in the 𝑆𝑆ℎ number likely due to the improved mass 

transport of the bicarbonate buffer, the lowering of the local pH, and the increase in 

availability of free protons at the outer Helmholtz plane (OHP). The second observation 

is that the CO and formate pathways do not depend in the same manner on the 𝑆𝑆ℎ 

number. While the CO pathway is independent of the 𝑆𝑆ℎ number, the formate pathway 

is mass transport limited and increases as 𝑆𝑆ℎ increases from 80 to 300 reaching a 

maximum rate at around a Sherwood number of 200. The reasons for the decrease in 

formate production at the highest 𝑆𝑆ℎ number limit is unknown but highlights the need to 

introduce mass transport effects in theoretical electrocatalysis as the difference in the 
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CO and formate pathways are currently believed to arise from differences in CO2 

binding modes on the surface of copper46, 47 while the experiments in the RCE cell 

suggest that these pathways do not depend on the local CO2 concentration in the same 

manner. Therefore, complex relations that arise with changes in the local CO, 

bicarbonate and hydroxyl concentrations must be considered even for the formate 

pathway as these could be responsible for the changes in the observed rates of 

production.  

The quantification of gas and liquid products in experiments where mass transport is 

well-defined allows the further breakdown of complex reaction mechanism involving 

multiple reaction intermediates. Figure 7C separates the products generated through 

the CO pathway into CO and its further reduced product families: C1, and C2+ 

hydrocarbon and oxygenated products. Although some relations appear obvious such 

as the proportional increase in CO production as it is transported away from the surface 

at higher 𝑆𝑆ℎ values, most relations are complex and nonlinear.48 Figure 7C shows that 

pc-Cu is more selective for C-C coupled products (e.g. ethylene and ethanol) at low 𝑆𝑆ℎ 

numbers where mass transfer coefficients are lower and thus the local pH near the 

surface of the electrode is higher and the concentrations of bicarbonate are low. On the 

other hand, C1 products (predominantly methane) production rates remain constant with 

the improved transport of mass to the electrode up to 𝑆𝑆ℎ values of ~200 and then 

decrease linearly afterwards. Thus, two clear groups of products can be identified. One 

that groups products with low electron transfer step numbers (2 e- per molecule) which 

are favored at higher 𝑆𝑆ℎ numbers (H2, formate and CO), and a second group that 

contains products with more electron transfer steps per carbon atom (>2e-) including 
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ethylene and ethanol which are favorable at low 𝑆𝑆ℎ numbers. When counting the 

number of electrons transferred at -1.41V vs SHE to the CO molecules being further 

reduced (Figure 7C, right axis) it is evident that the number of electrons transferred per 

CO molecule remains constant and thus electron-proton coupled steps are not liming at 

this potential. Lim et al. observed similar changes in gas product selectivity in an RCE 

setup and proposed that enhanced mass transport of CO away from the electrode 

surface decrease the coverage of CO and thus hinder the further reduction of CO to 

hydrocarbons.48 To understand whether CO coverage is really changing or not, we can 

estimate the local concentration of CO at the interface in equilibrium with the catalyst 

surface by assuming that the concentration of CO in the bulk of the electrolyte is zero 

and that the rate of CO flux out of the electrode (Equation 12) is proportional to the 

mass transfer coefficient and the 𝑆𝑆ℎ number, which are well defined in the RCE cell.  

𝑟𝑟4 = 𝑘𝑘𝑚𝑚,𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑆𝑆ℎ𝑅𝑅𝑅𝑅𝑅𝑅𝐷𝐷 𝐶𝐶𝐶𝐶
𝑑𝑑𝑐𝑐𝑐𝑐𝑐𝑐

𝐶𝐶 𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂 (12) 

Figure 8A shows the calculated local CO concentration near the surface of the electrode 

as a function of the 𝑆𝑆ℎ number. The calculated CO concentration doubles with the 

change in the 𝑆𝑆ℎ number between 80 and 300. A decrease in CO surface coverage 

would be expected to result in a lower CO local concentration in equilibrium with the 

surface which is contrary to the experimental observation where the local concentration 

of CO increases. It can be hypothesized, however, that improved mass transport 

shortens the residence time of the produced CO molecules in very close proximity to the 

electrode surface and thus these CO molecules are less likely to re-adsorb or react 

directly with other *CO species adsorbed on the surface to form further reduced 
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products. It cannot be concluded, however, whether the CO coverage is decreasing or 

not at this very negative fixed potential as lower CO coverages would be expected to 

result in an increase in availability of active sites and thus the enhancement in the rate 

of CO2 reduction to CO and other >2e- products which is contrary to the experimental 

observation of 𝑟𝑟2 remaining rather constant across all 𝑆𝑆ℎ values studied (Figure 7C). 

Multi-scale modeling of the 3D fluid dynamics and mass transport in the cell along with 

improved double layer electrochemical models could shine light on the degree of back 

mixing caused by the penetration of eddies in the viscous sub-layer and the 

dependance of C-C coupling rates on the CO local concentrations and the mean 

residence time of intermediates near the surface of the electrode. Modeling, however, is 

beyond the scope of this work but dimensionless analysis is still valuable enough to 

provide insight on the role of mass transport in the CO2 reduction kinetics. 

The Damköhler numbers, for example, can be used to rationalize the ratio between 

mass transfer and reaction time scales. The first Damköhler number (𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶2, Equation 

13) is relevant to understanding CO2 consumption kinetics at the surface of the

electrode as CO2 is being transported from the bulk of the electrolyte through 

convection. In Equation 13, 𝑟𝑟1 is the rate of CO2 consumption at the surface of the 

electrode. It is noted, however, that the Damköhler number calculated in Equation 13 

results in a slight underestimation of the CO2 consumption rate at these potentials as it 

does not account for chemical reactions in the electrolyte where CO2 reacts with 

hydroxyl anions to form bicarbonate.49, 50  

𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶2 = 𝐶𝐶𝐶𝐶2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐶𝐶𝐶𝐶2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= 𝑟𝑟1
𝑘𝑘𝑚𝑚,𝐶𝐶𝐶𝐶2𝐶𝐶𝐶𝐶𝐶𝐶2,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(13)
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The 𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶2 (Figure 8B) decreases from 0.36 to 0.1 as the 𝑆𝑆ℎ number increases. A 

Damköhler number smaller than 1 indicates that convective mass transport is fast 

relative to CO2 consumption at the electrode and thus CO2 mass transport is not 

significantly limiting at this potential. This explains why the rate of reduction of CO2 to 

    

Figure 8. A) Calculated local CO concentration at the Outer Helmoltz Plane as a 
function of the 𝑆𝑆ℎ number at -1.41V vs SHE. B) Experimentally determined Damköhler 
number for CO2 reduction to CO and further reduced products (𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶2), CO 
production and transport away from the electrode (𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶), and CO further reduction to 
>2e- reduction products (𝐷𝐷𝐷𝐷𝐼𝐼,>2𝑒𝑒−). C) Schematic representation of a CSTR-type
reaction volume at the electrode-electrolyte interface where CO production,
desorption, diffusion and further reduction take place within the viscus sub-layer and
are affected by the mass transport within the cell as described by the 𝑆𝑆ℎ number. D)
Conversion of CO to further reduced products as function of 𝐷𝐷𝐷𝐷𝐼𝐼,>2𝑒𝑒−.

A B 

C D 
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CO and further reduced products on the surface of the electrode is not affected by the 

𝑆𝑆ℎ number. To understand the change in selectivity down the CO pathway, we can 

calculate the first Damköhler number for CO as it is being produced on the surface of 

the electrode (𝑟𝑟2) and as it is being transported away in the RCE cell (𝑟𝑟4)  using 

Equation 14. 

𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶 = 𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐶𝐶𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= 𝑟𝑟2
𝑟𝑟4

= 𝑟𝑟2
𝑘𝑘𝑚𝑚,𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂

(14) 

The 𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶 is larger than 1 in the 𝑆𝑆ℎ range studied here (Figure 8B) and thus CO is 

being produced at the surface of the electrode at a rate that is faster than the convective 

transport of CO out of the boundary layer. The 𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶 value decreases from 10 to ~1.6 

as the 𝑆𝑆ℎ number increases, and this explains the linear relation between 𝑆𝑆ℎ and 𝑟𝑟4 in 

Figure 7C. That is, because the concentration of CO near the surface of the electrode 

can be calculated from experimentally measured rates and it is near the saturation limit 

(Figure 8A), the increase in the mass transfer coefficient with the increase in the 𝑆𝑆ℎ 

number leads to a linear increase in the flux of CO out of the cell which is 

experimentally measured as  𝑟𝑟4. Because CO is slowly being transported away from the 

electrode, it can diffuse back to the catalyst surface and be further reduced. The 

probability of CO returning to the surface however decreases as 𝐷𝐷𝐷𝐷𝐼𝐼,𝐶𝐶𝐶𝐶 approaches a 

value of 1 which implies that CO is being transported away at a similar rate at which it is 

being produced. 

The experimental observation that the convective mass transport of CO in the RCE cell 

is a first-order process at this applied potential is enlightening. We can now use the 
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experimentally measured 𝑟𝑟4 as an internal standard rate to understand the reaction 

order on CO for further reduction pathways. 

𝐷𝐷𝐷𝐷𝐼𝐼,>2𝑒𝑒− = 𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐶𝐶𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

= 𝑟𝑟5+𝑟𝑟6+𝑟𝑟7
𝑟𝑟4

 (15) 

The first Damköhler number for the further reduction of CO (Equation 15) relates the 

rate of CO further reduction relative to its transport away from the electrode. Figure 8B 

shows that 𝐷𝐷𝐷𝐷𝐼𝐼,>2𝑒𝑒− is inversely proportional to 𝑆𝑆ℎ2. This experimental observation can 

be rationalized if we approximate the CO further reduction as a first-order reaction in a 

CSTR-type reactor where the reacting volume corresponds to a well-mixed section of 

the electrolyte at the electrode/electrolyte interface (Figure 8C). In this region near the 

surface of the electrode the flow velocity is nearly zero, the length of the reactor volume 

is smaller than the viscous sub-layer and thus the Bodenstein number within this reactor 

space is close to zero which justifies the assumption of a full back mixing state as that 

present in an idealized CSTR reactor. The conversion of CO to further reduced products 

against 𝐷𝐷𝐷𝐷𝐼𝐼,>2𝑒𝑒− is plotted in Figure 8D. The further reduction of CO agrees with 

Equation 16 which is the expected conversion in a CSTR-type system for a first-order 

reaction. 

𝑋𝑋𝐶𝐶𝐶𝐶 = 𝐷𝐷𝐷𝐷𝐼𝐼,>2𝑒𝑒−
1+𝐷𝐷𝐷𝐷𝐼𝐼,>2𝑒𝑒−

= 𝑟𝑟5+𝑟𝑟6+𝑟𝑟7
𝑟𝑟2

 (16) 

The Damköhler number for a first-order reaction in a CSTR-type reactor is given by 

Equation 17 and thus although we cannot experimentally separate the values of the CO 

reduction reaction kinetic constant 𝑘𝑘 and the mean residence time 𝜏𝜏 from the data 

presented here, because the applied potential is held constant, we can rationally 

attribute the change in CO conversion and further reduction entirely to changes in the 
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residence time of CO near the surface of the electrode which is solely a function of 

mass transport.  

𝐷𝐷𝐷𝐷𝐼𝐼𝐼𝐼,>2𝑒𝑒− = 𝑘𝑘𝑘𝑘  (17) 

In summary, we have demonstrated that the further reduction of CO is a first-order 

reaction process and that the residence time of CO near the surface of the electrode 

can be controlled by mass transport. Changes in the residence time of CO, the main 

reaction intermediate, are sufficient to change product selectivity on a pc-Cu electrode 

without changing the electrode intrinsic kinetics. This observation has significant 

implications for the design of nanostructured Cu-based electrodes where the kinetics for 

CO desorption and reabsorption inside of micro and nanopores is poorly understood.

4. CONCLUSION

The gas-tight rotating electrode cell presented here has been designed to study 

electrocatalytic transformations under conditions of well-defined mass transport. The 

rotation of the cylinder electrode can be used to move material to and from the surface 

of the electrocatalyst in a controlled manner across a broad range of mass transport 

regimes relevant to industrial electrocatalytic applications. We have demonstrated the 

combination of dimensionless analysis along with experiments under well-defined 

condition of mass transport as a powerful approach to the study of energy 

transformations where the substrate is a small molecule that needs to dissolve and 

diffuse through a liquid layer. This same approach can be used to understand the role of 

mass transport in electrocatalytic transformations involving protons, buffers and other 

charged species. Controlling mass transport allows the tuning of micro-environments, 
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modification of the mean residence time of reaction intermediates near the surface of 

the electrode and in the future, it should allow the rational study of electrocatalytic 

transformation and the decoupling of mass transport from intrinsic kinetics.  

The rational improvement of the RCE system and its coupling to analytical tools for the 

detection of gas and liquid products opens for the first time research avenues for the 

systematic study of electrocatalysts under controlled conditions of applied potential, 

mass transfer, temperature and electrolyte pH.   
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