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Voltammetric measurements of electrochemical CO2 reduction reaction (CO2RR) selectivity on rotating ring disk electrodes
(RRDE) are a rapid and sensitive method for quantifying an electrocatalyst’s selectivity, i.e. faradaic efficiency (FE). This method
has been applied to polycrystalline Au electrocatalysts where a Au disk electrode catalyzes both the CO2RR and hydrogen
evolution reaction while the concentric Au ring electrode selectively senses CO by oxidizing CO back to CO2. Such measurements
enabled fundamental mechanistic studies but suffer from poor inter-laboratory reproducibility. This work identifies causes of
variability in RRDE selectivity measurements by comparing protocols with different electrochemical methods, reagent purities, and
glassware cleaning procedures. We observed FECO decrease by 56% during 5 min chronoamperometry measurements, a
phenomenon that is not readily apparent in voltammetric scans due to their dynamic nature. Electroplating of electrolyte
impurities onto the disk and ring surfaces were identified as a major contributor to Au deactivation. Additionally, the oxygen
reduction reaction may lead to higher disk currents in inadequately purged electrolytes, causing an apparent underestimation of
FECO at low overpotentials. Lastly, we propose operational bounds for CO2RR selectivity measurements on Au using the RRDE
method and provide suggestions on steps for improving the accuracy of this technique.
© 2025 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI:
10.1149/1945-7111/adc553]
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Combining renewable electricity with chemical manufacturing
via electrochemical processes provides a path for electrification of
the chemical industry.1–3 One such process, the electrochemical CO2

reduction reaction (CO2RR), converts CO2 to higher value products
using an electrocatalyst.3 Typically, Ag or Au catalysts are used for
carbon monoxide production, Sn for formate, and Cu for multi-
carbon products such as ethylene and ethanol.3,4 Industry, govern-
ments, and academic institutions are currently researching CO2RR as
a pathway to carbon neutral chemicals and fuels.

A key performance metric for CO2RR catalysts is selectivity for a
single chemical product.5 Selectivity is often represented by a
catalyst’s faradaic efficiency (FE), that is, the number of electrons
that go toward producing a specific product divided by the total
number of electrons passed during electrolysis. Catalysts targeting
CO, HCOOH, or C2H4 production will likely require >80% FE for
industrial applications due to the high costs of separations.6

However, a major challenge for CO2RR catalyst development is
suppressing the competing hydrogen evolution reaction (HER) that
is often favored under the same reaction conditions for CO2RR in
aqueous electrolytes. Thus, it is important to develop experimental
techniques to measure the selectivity of a given catalyst for CO2RR
and HER under well-defined experimental conditions.

Gas and liquid chromatography are frequently used to quantify
CO2RR products.7 However, these chromatography techniques have
long response times and require accumulation of sufficient sample
volume, resulting in time resolutions of minutes to hours.8,9 The
selectivity data is averaged over a long time period (e.g. minutes)
compared to the sampling rate of electrochemical data, which is on the

order of μs to ms for typical potentiostats.10,11 Rotating ring disk
electrode (RRDE) experiments are an alternative method for real-time
product detection and selectivity quantification with negligible time
delays for CO2RR.

8,9,12–19 In addition, RRDE experiments are easy to
set up, cost-effective, and provide exceptional mass transport control.

An RRDE consists of two concentric but electrically isolated
electrodes: one central disk and an outer ring that are separated by an
insulator such as poly(tetrafluoroethylene) (PTFE) or poly(ether-
etherketone) (PEEK), as shown in Fig. 1. The RRDE is attached to a
rotating shaft and immersed in the electrolyte of interest. The
controlled rotation of the RRDE at a fixed rate, ω, produces a
constant flux of fresh electrolyte to the electrode surface under well-
defined mass transport conditions.20 Two primary modes of RRDE
operation have been presented in literature for product detection.
The first is to operate the disk at a constant potential while cycling
the ring potential (ring-scan mode).9,13,17,21 This allows for detection
of the disk’s reaction products by their electrochemical redox
signatures in the ring’s cyclic voltammogram. Ring-scan mode is
particularly useful if the catalyst produces multiple products with
unique electrochemical reactivity that can be identified separately;
however, it is not possible to quantify FEs. The second mode of
RRDE operation is to cycle the disk potential while holding the ring
potential constant (disk-scan mode).8,12–15,18 The ring is set to a
potential where the oxidation of a specific CO2RR product is mass
transport limited. In addition to product detection, the ring material
can be selected to enable measurements of local pH (e.g. IrOx or Au
functionalized by a pH sensing molecule),16,21–23 however, such
measurements are outside the scope of this article.

In the case of disk electrodes that produce only CO and H2, the disk
catalyzes CO2RR and HER while the ring electrochemically senses the
CO coming off the disk by oxidizing CO back to CO2. The ring
material must be carefully selected to provide the desired CO detection
response. At the selected ring potential, Ering, the material must:zE-mail: Wilson.Smith@nrel.gov
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1. Have a reproducible CO oxidation response without being
poisoned

2. Be mass transport limited in the CO oxidation reaction (COOR)
to prevent kinetic effects from influencing the ring’s current
response

3. Not react with H2 or any other solution species

Polycrystalline Au (poly-Au) meets all these criteria, making it a
common ring material for CO detection. Disk-scan mode measure-
ments on poly-Au RRDEs can quantitatively determine CO2RR FEs
as first demonstrated by Goyal et al. in CO2 saturated 0.1 M
NaHCO3.

14 The authors used the subtraction method24,25 to quantify
FECO and FEH2 in the potential range −0.4 to −0.8 V vs RHE. In a
subsequent work, the researchers used the same RRDE technique to
deduce the dominant proton donor for HER in three different
potential regimes.15

However, the reproducibility of quantitative disk-scan mode
studies on poly-Au across different laboratories is quite poor.
Literature reports under the same conditions (0.1 M NaHCO3,
poly-Au/Au RRDE, Edisk = −0.6 V vs RHE) found FECO can range
from 66%–78% at 1600 rpm and 50%–83% at 2500 rpm as
summarized in Table S1 of the Supplementary Information
(SI).14–16,18,26 For comparison, seminal work by Hori et al. bench-
marked the selectivity of poly-Au for CO at FECO = 87.1% (0.1 M
KHCO3, E = −0.74 V vs RHE) in an H-cell (no forced
convection).4

Cui et al. attributed the variability of RRDE selectivity measure-
ments to the presence of metal electrolyte impurities that, in their
study, resulted in a 10.7% FECO decrease.26 Deactivation of poly-Au
during CO2RR is frequently attributed to electroplating of Cu, Pb,
Zn and/or Fe from bicarbonate electrolytes, even when using high
purity (⩾99.9999%) reagents.26–28 Accumulation of these trace
metals, which may only be present at ppb levels, on low surface
area electrodes can significantly enhance their selectivity toward H2

and other CO2 reduction products at the expense of CO production.29

However, Wuttig and Surendranath showed that pre-treatment of
electrolytes with metal complexing agents (i.e. ethylenediaminete-
traacetic acid or Chelex resin) effectively removes trace metal
impurities and eliminates deactivation of poly-Au electrodes (2 h

of electrolysis at −0.7 V vs RHE in purified 0.1 M NaHCO3).
27

Electrolytes can also be purified by pre-electrolysis wherein metal
contaminants are plated onto a sacrificial electrode for several
hours.30 However, pre-electrolysis has been criticized for being
less effective and time-consuming when compared to metal com-
plexation pre-treatment methods.27,31

Deactivation of CO2RR catalysts is also observed even when
trace metal impurities are not detected. Proposed mechanisms
include adsorption of organic intermediates and impurities30,32,33

or further reduction of CO2RR products to graphitic carbon
layers.34,35 Since these “poisons” arise primarily from CO2RR itself,
electrolyte pre-purification is ineffective at addressing these deacti-
vation routes. Instead, periodic anodic stripping procedures have
been applied to re-activate the electrode surfaces.31,36

Measurements of deactivation and its impact on RRDE selec-
tivity measurements have not been extensively reported despite
being a common and deleterious occurrence for CO2RR on poly-Au.
This article investigates the factors influencing deactivation rates on
poly-Au/Au RRDEs for CO2RR and their impact on quantitative
selectivity measurements. We primarily employed chronoampero-
metry (CA) to deconvolute the effects of deactivation and changing
electrode potential on FECO. We consistently observed rapid
decrease in both CO selectivity at the disk electrode and CO
detection at the ring electrode over just 5 min. Periodic anodic
stripping treatments on both the ring and disk were necessary to
recover the initial CO selectivity and detection sensitivity of the
RRDE.

Despite implementing proven electrolyte and glassware cleaning
protocols,27,37 the deactivation rate is only reduced by ca. 30%–40%,
indicating that multiple deactivation mechanisms may be at play in
addition to contamination by trace metals and organic compounds.
We discuss the importance of measuring and correcting for Au
deactivation during RRDE measurements to avoid erroneous me-
chanistic conclusions. To support the development of a robust,
reproducible electroanalytical method, further study and, ideally,
elimination of these deactivation routes on poly-Au/Au RRDEs are
necessary.

Experimental

Materials and chemicals.—Electrocatalysts consisted of a poly-
Au RDE (embedded in a PTFE shroud, E5 Series, Pine Research) or
a poly-Au/Au RRDE (embedded in a PEEK shroud, PEEK spacer
between ring and disk, E6R2 Series, Pine Research). Experiments
requiring subsequent surface characterization used a poly-Au RDE
with a removeable disk (PTFE shroud, ChangeDisk E5TQ Series,
Pine Research). Deionized (DI) water (>18.2 MΩ∙cm, TOC <5 ppb)
from a Milli-Q system (Millipore) was used for electrochemical cell
storage, electrode polishing, and electrolyte preparation. Unless
otherwise noted, all glassware was cleaned by a laboratory dish-
washer (PG 8535, Miele) using potassium hydroxide (pH = 12.3 to
12.8, Dr Weigert neodisher laboclean FLA) and citric acid (pH= 2.6
to 3.0, Dr Weigert neodisher Z) detergents following the
INORGANICA wash protocol.38 An alternative glassware cleaning
procedure used an oxidizer salt (Alnochromix, Alconox Inc.) and
sulfuric acid (98%, Veritas redistilled, GFS Chemicals) as described
in section S2, SI.37 Polycrystalline diamond suspensions (3 μm,
1 μm, and 0.25 μm, MetaDi, Buehler), acetone (99.5%, ACS grade,
Fisher), and nitric acid (69.5%, Veritas Trace, GFS Chemicals) were
used for electrode polishing. Electrolytes were prepared using
sulfuric acid (98%, Veritas redistilled, GFS Chemicals), NaHCO3

(⩾99.7%, ACS grade, Fisher), Na2CO3 (⩾99.999%, TraceSELECT,
Honeywell), and Chelex 100 Resin (sodium form, 50–100 mesh,
analytical grade, Bio-Rad). Poly-dopamine coating of electrodes
used dopamine HCl (Sigma Aldrich), Na2HPO4 (⩾99.0%, ACS
grade, Sigma Aldrich), and NaH2PO4∙H2O (⩾99.0%, ACS grade,
Sigma Aldrich). RRDE collection efficiencies were determined
using K3Fe(CN)6 (⩾99.0%, ACS grade, Sigma Aldrich). N2

(99.9999%, research purity, Matheson), CO (99.999%, research

Figure 1. Schematic of a Au/Au RRDE cross-section. The Au disk catalyzes
CO2RR and HER. The Au ring catalyzes CO oxidation but not H2 oxidation.
The electrode rotates at rate ω, causing the electrolyte to flow in streamlines
shown by the dotted gray lines.
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purity, Matheson), CO2 (99.8%, bone dry), and H2 (99.999%, ultra
high purity, Matheson) were used to purge and blanket the
electrolytes.

Instrumentation.—Electrochemical measurements were con-
ducted with a CH Instruments 760E bipotentiostat and
Electrochemical Workstation software. Solution pH was measured
by an Oakton 700 pH meter calibrated daily by pH 4, 7, and 10
standard buffers (Hanna Instruments). X-ray photoelectron spectro-
scopy (XPS) measurements were collected by a Physical Electronics
PHI Versa Probe III XPS with an Al Kα X-ray source. The binding
energy scale was calibrated using Cu 2p3/2 (932.62 eV) and Au 4f7/2
(83.96 eV) core levels measured on sputter-cleaned foils. Peaks were
fitted using Gaussian-Lorentzian shapes with a Shirley background.
Elemental compositions were calculated from XPS data by normal-
izing background-corrected peak areas by elemental sensitivity
factors. Scanning electron microscopy (SEM) images and energy
dispersive spectroscopy (EDS) maps were collected on a Hitachi
4800 SEM equipped with an EDS detector (Model No. 4473C-
3UPS-SN, Thermo Fisher) or a Thermo Fisher Nova 360 SEM
equipped with an EDS detector (Ultim Max 170, Oxford
Instruments). SEM images and EDS maps were acquired with
accelerating voltages of 7.0 kV and 15 kV. Inductively coupled
plasma mass spectrometry (ICP-MS) measurements were conducted
using a Thermo Scientific iCAP Q instrument in kinetic energy
discrimination mode using He cell gas. Aliquot samples taken from
the electrolyte were diluted 2x with 2% HNO3 (67%–70%, Optima
Grade, Fisher Chemical), to achieve a final concentration of 0.05 M
NaHCO3. Calibration was performed using solutions prepared by
serial dilution of standards (Inorganic Ventures) with 2% HNO3.

Electrochemical cell apparatus.—A custom-made glass electro-
chemical cell (section S3, SI) and a Au mesh counter electrode were
employed in all electrochemical measurements. The Au counter
electrode was fabricated by spot welding Au mesh (99.99%, 100
mesh, 25 × 25 mm, Fisher) to Au wire (99.999%, 0.762 mm
diameter, 10 cm long, Fisher) using molybdenum spot welding tips
(Miyachi Unitek). The counter electrode was separated from the
main cell compartment by a fritted glass tube (12 mm dia., porosity
D frit, Ace Glass). A reversible hydrogen electrode (RHE) was
assembled using a coiled Pt wire and Luggin capillary (Fig. S2, SI)
and used in 0.1 M H2SO4 for electropolishing. A commercial double
junction Ag/AgCl reference electrode (glass body, Fisherbrand
accumet or Pine Research) was filled with 4 M KCl saturated with
AgCl in the inner chamber and 0.1 M NaHCO3 in the outer chamber.
The double junction electrode was selected to mitigate trace Ag+

leakage and used in 0.1 M NaHCO3.
39 The potential difference

between the Ag/AgCl|KCl (sat.)/0.1 M NaHCO3 reference electrode
and an RHE was checked before each experiment in CO2 sat. 0.1 M
NaHCO3 by the method of Zeledón et al.40 (Section S4, SI).
Potentials were converted to the RHE scale using Eq. 1:

E E E0.059 pH 1RHE Ag AgCl sat KCl Ag AgCl sat KCl. .
0= + * + [ ]/ ( ) / ( )

where EAg AgCl sat KCl.
0

/ ( ) = 0.197 V. Before each experiment, the
electrolyte was purged with the necessary gas to expel dissolved
O2 and saturate the solution with the purge gas. The same gas was
used to either purge or blanket the headspace during the subsequent
measurements. When not in use, the glassware, Au counter
electrodes, and PTFE components (stopcock and stoppers) were
stored in DI water to maintain cleanliness.

Electrolyte resistance compensation.—All electrochemical mea-
surements were performed with ohmic drop compensation, typically
at 85%. In some cases, potentiostat oscillation was observed at 85%
compensation, so the percentage was lowered to maintain stable
potentiostat operation (as indicated in the figure captions or labels).
The solution resistance, Rsoln, was measured by first performing

electrochemical impedance spectroscopy (EIS) using the parameters
in section S5, SI. The EIS spectra were fit to an equivalent circuit
with a resistor and constant phase element in series (RsolnQ circuit)
to determine Rsoln. The value of Rsoln was measured and updated
when any of the following variables changed: electrolyte composi-
tion, purge gas, working electrode area, or position of the electrodes.

Electrolyte preparation.—0.1 M NaHCO3 solutions of varying
purity were prepared using the methods of Wuttig and
Surendranath.27 In summary, NaHCO3 electrolytes were either
used without purification, pre-electrolyzed, or treated with Chelex
resin. Pre-electrolysis was performed in a 2-electrode cell with N2

sat. 0.1 M NaHCO3 and Au mesh working and counter electrodes.
20 mA of current (ca. 3.0 mA cm−2) was applied between the
electrodes for 19 h to plate trace metal electrolyte contaminants
onto the Au mesh cathode. The cathode was removed from the
electrolyte under cathodic polarization to prevent re-dissolution of
plated impurities. The same pre-electrolysis cell was used for
subsequent CO2RR experiment to avoid transferring the pre-electro-
lyzed electrolyte to a new vessel. Chelex purification was performed
by adding 5 g of as-received Chelex resin for every 100 ml of
electrolyte. The resin was gently stirred for 24 h then filtered from
the solution using a syringe filter (0.2 μm Nylon, Acrodisc) or by
vacuum filtration through a membrane (0.2 μm Nylon, Cole-
Parmer). Higher purity 0.1 M NaHCO3 was prepared by combining
trace metal grade Na2CO3 (⩾99.999%) with DI water to make
0.05 M Na2CO3. This solution was purged with CO2 until it reached
pHbulk = 6.8, indicating conversion to 0.1 M NaHCO3.

Electrode preparation.—Poly-Au RDE and RRDE surfaces were
prepared using the procedure of Goyal et al.14 with modifications.
Before every experiment, electrodes were mechanically polished
using diamond polishing suspension (3, 1, and 0.25 μm, MetaDi
Supreme Polycrystalline, Buehler) on a MicroCloth (dia. = 7.3 cm,
Buehler) affixed to a Metaserv 250 automatic polisher (Buehler).
Diamond polishing suspension was specifically used to avoid
enhancement of HER on Au, which can occur with alumina
polish.41 For each suspension size, electrodes were polished by
moving the electrode surface across the MicroCloth with moderate
pressure at 400 rpm until a uniform surface finish was achieved (ca.
2–3 min). The DI water and the diamond suspension were re-applied
to the MicroCloth as needed to keep the polishing cloth wet. The
electrodes were then sonicated in acetone and then DI water for
5 min each prior to polishing with the next smaller suspension size
or to conclude the mechanical polishing procedure. The electrode
surfaces were then chemically treated by soaking in 20 wt% HNO3

for 15 min to remove any trace metal deposits from previous
experiments (Fig. S4, SI). This was followed by sonication in DI
water for 20 min, refreshing the DI water once after 10 min of
sonication. When not conducting polishing or experiments, the
electrode surface was always covered with a droplet of DI water
to prevent contamination from the ambient air.

The poly-dopamine coating procedure reported by Vos and
Koper42 was used on RRDEs to increase the hydrophilicity of the
PEEK spacer (Fig. S5, SI) and prevent gas bubble attachment
between the disk and ring. The coating solution consisted of 2 g l−1

dopamine HCl, 10 mM Na2HPO4, and 10 mM NaH2PO4∙H2O in DI
water (pH ≈ 7). The RRDE tip was rotated at 400 rpm for 2 h in the
coating solution then rinsed thoroughly with DI water. Dopamine
HCl was stored at 2 °C–8 °C; however, we found that allowing the
powder to warm up to room temperature before preparing the
solution resulted in a coating more effective at preventing bubble
attachment. The poly-dopamine coating was removed from the Au
surfaces by electrochemical polishing in N2 sat. 0.1 M H2SO4.

14 The
disk and ring were shorted together and cycled between 0.05 V and
1.75 V vs RHE for 400 cycles at a scan rate, υ, of 1 V s−1 (Fig. S8,
SI). Next, cyclic voltammetry (CV) of the same potential region
(0.05 to 1.75 V vs RHE) was performed at υ = 50 mV s−1 for the
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shorted ring and disk as well as the disk alone. Both CVs were
compared to the CV of an unmodified Au RRDE to ensure the
dopamine coating was completely removed from the Au surfaces
(Fig. S9, SI). The CVs were all performed without rotation (i.e. ω =
0 rpm). The Au disk’s electrochemically active surface area (ECSA)
was determined by fitting the Au reduction peak with a Gaussian
peak shape in the potentiostat software to calculate the charge passed
during the reduction, Qred. Dividing Qred by the specific charge of
one monolayer of gold (390 μC cm−2) gave the electrochemically
active surface area (ECSA) of the disk electrode.14,43 Unless
otherwise noted, all current densities reported in this work are
normalized by the disk’s ECSA. The same electrochemical polishing
procedure was performed on RDEs; however, RDEs were not coated
with poly-dopamine.

HOR and COOR measurements.—Quantifying the FEs of Au
by RRDE relies on the negligible HOR activity of Au (section S8,
SI) and holding the Au ring at an oxidizing potential where the
COOR is mass transport limited (section S9, SI). Au activity for
HOR and CO oxidation were determined by RDE measurements
based on the procedure of Goyal et al.14 in 0.1 NaHCO3 electrolyte
of different purities. For HOR experiments, the electrolyte was
purged with H2 gas for ⩾20 min. Afterwards, CV cycles
(25 mV s−1) were performed between 0.4 and 1 V vs RHE. For
CO oxidation experiments, the electrolyte was sparged with CO gas
for ⩾20 min. Then, CV cycles (25 mV s−1) were performed between
0.2 and 1.3 V vs RHE. Similarly, CA measurements were used to
assess the activity and stability of HOR and COOR on poly-Au
RDEs under the same conditions, except the RDE potential was held
at a fixed value (1 V vs RHE) instead of cycled.

Plating and stripping experiments.—Trace metals in electrolytes
of different purity were identified by plating and stripping experi-
ments with Au RDEs.27 Measurements were performed without iR
compensation on a Au RDE in CO2 sat. 0.1 M NaHCO3 (pHbulk =
6.8) at 2500 rpm. CA was performed on the Au RDE at 1 V or
−0.9 V vs RHE for 5 or 45 min. Then, the Au RDE was immediately
cycled between −0.2 and 1.75 V vs RHE at 50 mV s−1 for 10 cycles
to strip metals that were plated during CA. All measurements were
completed on the same electrode in a single experiment. Long
duration CA experiments were also performed on RDEs to accu-
mulate trace metal impurities from the electrolyte and detect them by
subsequent XPS. For CO2RR, a ChangeDisk Au RDE was held at
−1 V for 4 h in CO2 sat. 0.1 M NaHCO3 (pHbulk = 6.8) at 2500 rpm
with 85% iR compensation. The cathode was removed from the
electrolyte under cathodic polarization to prevent re-dissolution of
plated impurities, rinsed gently with DI water, and dried under
ambient laboratory conditions before XPS analysis. The same
procedure was applied for long duration COOR experiments by
holding at ChangeDisk Au RDE at 1 V vs RHE for 4 h in CO sat.
0.1 M NaHCO3 (pHbulk = 9) at 2500 rpm with 85% iR compensa-
tion. For COOR experiments, the RDE was removed from the
electrolyte under anodic polarization.

RRDE CO2RR selectivity measurements.—After properly pol-
ishing the RRDE, coating with poly-dopamine, electropolishing and
characterizing the RRDE in H2SO4, and calibrating the reference
electrode, the RRDE tip was transferred to a clean electrochemical
cell for FECO selectivity measurements. 0.1 M NaHCO3 of different
purities was sparged with CO2 gas for ⩾20 min until pHbulk = 6.8.
Next, the purity of the electrolyte was evaluated by the method of
Cui et al.26 by cycling the disk between 0.65 and −0.60 VRHE at
50 mV s−1 under forced convection and observing the percentage
change in current density at −1.6 V vs RHE (section S10, SI). CV
experiments were performed by cycling the disk electrode between
1.75 V and −1 V vs RHE at 25 mV s−1 while the ring electrode was
held at 1 V vs RHE. CA experiments were performed by holding the
disk electrode at the desired reducing potential (in range of −0.4 to
−1.0 V vs RHE) and the ring electrode at 1 V vs RHE for 5 min.

Unless otherwise noted, measurements always started with the least
negative cathodic potential and proceeded to more negative poten-
tials. After each CV or CA measurement, the RRDE was cleaned by
shorting the ring and disk electrodes then cycling at 2500 rpm
between 0.05 and 1.75 V vs RHE at 25 mV s−1 for 10 cycles. The
collection efficiency of the RRDE was experimentally determined
using the Fe(CN)6

3−/Fe(CN)6
4− redox couple after all CV and/or

CA measurements were completed. The electrolyte was sparged with
N2 for ⩾50 min until pHbulk = 9, and 5 mM K3Fe(CN)6 was
dissolved in the electrolyte. Next, the disk electrode was cycled
between 1.3 and 0.28 V vs RHE at 25 mV s−1 for each rotation rate
used in the previous CV and/or CA measurements while the ring
electrode was held at 1.13 V vs RHE. The mass transport limited
ring and disk currents, iL, were determined by fitting the data to a
sigmoid function (Eq. 2):
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where i and Edisk are the experimentally measured current (ring or
disk) and disk potential, respectively. The mass transport limited
current is given by iL. k, x0, and b are fitting constants. The collection
efficiency, N, is then calculated from the ratio of iL,ring and iL,disk,
and the number of electrons transferred in the disk and ring reactions
(nD = 1 and nR = 1) (Eq. 3):
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Examples of the experimental CV, fitting results, and collection
efficiency values are provided in section S11, SI. Calculations for the
CO and H2 partial current densities ( jCO and jH2) and faradaic
efficiencies (FECO and FEH2) were carried out by the subtraction
method reported by Goyal et al. and outlined by Eqs. 4–7.14
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Plotting convention.—All current and voltage data is plotted
using the IUPAC convention.

Results and Discussion

RRDE cyclic voltammetry measurements.—Our initial experi-
ments attempted to reproduce FECO vs Edisk data from published
literature using a poly-Au/Au RRDE and CV measurements in disk-
scan mode. The experimental procedure closely follows that which
was reported by Goyal et al.14 and Vos et al.18 Despite identical
CO2RR conditions (0.1 M NaHCO3, sat. CO2, pHbulk = 6.8, ω =
2500 rpm), we observe significantly lower selectivity toward CO
production compared to Goyal et al. at all potentials in the range
−0.4 to −0.8 V vs RHE (Fig. 2a). Comparison to data from Vos
et al. shows closer agreement with our CV results, especially in the
range Edisk = −0.7 to −1.0 vs RHE. Note that data from Goyal et al.
and Vos et al. is shown in Fig. 2a as discrete points; however, both
these works used CV for FECO measurements.14,18 Chauhan et al.
also reported FECO measurements by staircase voltammetry; how-
ever, their system used 10% CO2/90% N2 as the purge gas, resulting
in a more alkaline electrolyte with pHbulk = 7.7.16 Qualitatively, all
four data sets display a similar trend: CO selectivity is maximized at
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intermediate reducing potentials but suppressed at the upper and
lower ends of the measured potential region. The bell-shaped FECO

vs Edisk plot has been attributed to changes in the primary proton
donor for the HER from H2CO3 to HCO3

− to H2O as Edisk becomes
more negative.15 However, the four data sets are quantitatively quite
dissimilar. For example, the maximum FECO and potential where it
occurs are very different: 55% at −0.75 V for this work, 83% at
−0.6 V for Goyal et al., and 60% at −0.46 V for Chauhan et al.

Figure 2a also shows that FECO is highly dependent on the
electrochemical method. FECO measurements using CA instead of
CV gave a maximum FECO of 80% at −0.7 V which is nearly 20%
higher than the CV measurement at the same disk potential. Further
discussion of the CA data is given in the “RRDE chronoampero-
metry measurements” section. It is necessary to determine the causes
of these discrepancies before results can be reliably compared across
laboratories.

Figure 2b shows the dependence of FECO on the scan direction
and cycle number of the CV in this work. First, the reverse scan
always measures a higher FECO than the forward scan at all
measured potentials. We hypothesize this hysteresis is due to an
interfacial pH effect where at the same potential, the pH at the
electrode surface is more alkaline on the forward sweep than the
reverse sweep, as shown by Liu et al.22 However, other possible
explanations could include accumulation of cations at the electrode
surface to stabilize CO2RR intermediates or suppression of adsorbed
H by competition with adsorbed CO.44,45 Second, as the cycle
number increases there is a dramatic decrease in FECO. For example,
the selectivity for CO between the forward scans of cycle 1 and 3 at
−0.6 V vs RHE decreases by 36%, demonstrating poor measurement
stability despite a relatively short (11 min) CV experiment. This
phenomenon has not been previously reported in Au/Au RRDE
studies yet was consistently observed in our results when conducting
CV measurements over multiple cycles in a variety of electrolytes
(section S12, SI). Deactivation of poly-Au electrodes for CO2RR is
well-documented27,28,36 but has not been thoroughly investigated in
the context of selectivity measurements by RRDE. Some works have
noted the need to “condition” or “reactivate” the RRDE after
cathodic polarization by cycling the ring and disk electrodes
anodically in the Au oxidation/reduction region but did not elaborate
further.16,26,42

To date, Cui et al. have provided the most rigorous analysis of Au
deactivation during RRDE studies by focusing on trace metal
impurities from electrolyte reagents.26 The authors found that high
purity reagents treated with Chelex to remove trace metals resulted
in the highest FECO. They also proposed a method for determining
the purity of NaHCO3 electrolytes: “<5% change in electrocatalytic
activity at −0.6 VRHE after 10 cycles of potential cycling between
0.65 and −0.60 VRHE at 50 mV s−1 under forced convection, can be
used as a benchmark for minimum electrolyte purity.” This is a
useful benchmark for evaluating electrolyte purity; however, it relies
on changes in jdisk and therefore is not a direct evaluation of FECO

deactivation. Furthermore, CV experiments will convolute the
effects of a changing electrode potential with deactivation processes,
making it difficult to determine which variable is affecting FECO

during the potential sweep. This raises the concern that if deactiva-
tion mechanisms are not detected in a CV, they could lead to
inaccurate mechanistic conclusions.

RRDE chronoamperometry measurements.—To decouple the
effect of changing potentials and deactivation over time, we
performed CA measurements at a fixed disk potential of −0.65 V
vs RHE for 5 min (Fig. 3a). Like in the CV measurements, FECO

decreases rapidly from 80% to 24% between 30 s and 5 min. We do
not consider the first 30 s to avoid contributions from non-Faradaic
double layer charging currents to the calculated FECO values. To
reactivate the electrode, the ring and disk were shorted together and
cycled 10 times from 0.05 to 1.75 V vs RHE before the next CA hold
(Fig. 3b). This anodic cycling method recovers the initial selectivity
of the Au electrode for CO (Fig. 3a) but does not prevent
deactivation upon subsequent cathodic polarization. The mechanism
of Au reactivation by anodic cycling is discussed in a later section.

The reactivation CV (Fig. 3b) shows the normal redox features of
Au oxidation and reduction.28,46 The onset of the oxygen evolution
reaction (OER) is also observed ca. 1.75 V vs RHE which causes
in situ O2 generation. This O2 is detected in subsequent CV sweeps
as a cathodic oxygen reduction reaction (ORR) current (ca. <0.6 V
vs RHE) that increases in magnitude with each subsequent CV cycle

Figure 2. (a) Comparison of FECO vs Edisk on poly-Au/Au RRDEs between
this work’s CV (yellow solid line) and CA (yellow triangles) measurements
to previous literature reports by Chauhan et al. (black open circles),16 Goyal
et al. (black filled squares),14 and Vos et al. (black crosses).18 Chauhan et al.
performed measurements in 0.1 M NaHCO3 (⩾99.7%, 10% CO2 sat., pHbulk

≈ 7.7, ω = 2500 rpm) using staircase voltammetry. Adapted with permission
from Ref. 16. Copyright 2023 American Chemical Society. Goyal et al.
performed measurements in 0.1 M NaHCO3 (⩾99.7%, CO2 sat., pHbulk =
6.8, ω = 2500 rpm, υ = 25 mV s−1) using CV. Adapted from Ref. 14.
Copyright 2020 American Chemical Society. Vos et al. performed measure-
ments in 0.1 M NaHCO3 (⩾99.7%, CO2 sat., pHbulk = 6.8, ω = 2500 rpm, υ
= 20 mV s−1) using CV. Adapted from Ref. 18 under terms of the CC-BY
license. Copyright 2022, The Authors. ChemElectroChem published by
Wiley-VCH GmbH. (b) FECO as a function of Edisk determined by CV from
this work in 0.1 M NaHCO3 (⩾99.7%, CO2 sat., pHbulk = 6.8, ω =
2500 rpm, υ = 25 mV s−1) on a poly-Au/Au RRDE. Colored arrows along
the solid lines indicate the CV scan direction.
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as more O2 is produced: the current at 0.05 V vs RHE increases from
−3.5 μA to −14.6 μA over 10 reactivation cycles (Fig. 3b).

The presence of O2 in the electrolyte is undesirable for FECO

measurements because the resulting ORR current will contribute to
the measured jdisk and calculated jH2. The subtraction method for
calculating FEs assumes that the Au disk only produces CO and H2

as products, so any disk current not attributed to CO production is
assigned to jH2 (see Eq. 6). However, the ORR current can be largely
eliminated by continuously purging the electrolyte with CO2

throughout the experiment (Fig. 3c) instead of blanketing the
electrolyte with CO2. In this configuration, the CO2 gas is purged
into the electrolyte far enough away from the RRDE to prevent
bubble attachment or altering the fluid flow pattern near the electrode
surface. The ORR current at 0.05 V vs RHE reaches at most
−2.8 μA over 10 reactivation cycles with constant CO2 purging, a
significant decrease compared to the −14.6 μA measured when the
electrolyte is simply blanketed by CO2.

Effect of O2 on FECO measurements.—The effects of dissolved
O2 and ORR on quantitative FECO measurements were determined
by conducting additional CA measurements in 100 mV increments
from Edisk = −0.4 to −1 V vs RHE. Results were compared between
a cell blanketed by CO2 and a cell continuously purged by CO2.
Representative FECO vs time plots are shown in Fig. S25, SI, which
show clear differences in the maximum FECO at each potential and
the deactivation rate, i.e. the slope. Reactivation CVs were
performed after each CA hold, and the effectiveness of CO2 purging
for expelling O2 is evidenced by the minimal ORR current compared
to a cell that was blanketed by CO2 (Figs. S26 and S27, SI).

Figure 4 summarizes FECO, jCO, and jH2 data for both cases at
30 s and 5 min of the CA experiment. At 30 s, FECO is within error at
all potentials more cathodic than −0.4 V when comparing the CO2

blanketed and purged cases (Fig. 4a). However, at −0.4 V, FECO is
significantly higher in the CO2 purged case (64%) than the CO2

blanket case (32%). At low reduction overpotentials where jdisk is
small, the current from ORR accounts for a significant percentage of
the overall disk current. The ORR current contributes to the
calculated partial current density for HER, jH2, thereby artificially
increasing the electrode’s selectivity toward H2. As the reduction
overpotential increases, jdisk grows exponentially and therefore any
ORR current is insignificant compared to jCO and jH2.

A more substantial effect on FECO is observed at 5 min after the
electrode has noticeably deactivated (Fig. 4d). FECO is consistently
lower than FEH2 at all potentials ⩽−0.5 V vs RHE when CO2 is
purged into the electrolyte. Correspondingly, jCO and jH2 are also
lower and higher, respectively. Clearly, the Au electrode deactivates
more rapidly in the presence of CO2 purging. It is unlikely this
accelerated deactivation is still a result of enhanced O2 removal by
constant purging: FECO at −0.4 V at 5 min for both cases are nearly

identical (ca. 11%), indicating the majority of dissolved O2 has been
consumed by ORR after 5 min of cathodic reduction. If significant
quantities of O2 were still present at 5 min, the data should resemble
the result at 30 s where FECO is reduced in the CO2 blanket case
because ORR contributes to the calculated jH2.

We suspect a difference in the bulk pH between the CO2

blanketed and purged electrolytes could explain the FECO trend at
5 min. During a CA experiment, the CO2 reactant is continuously
consumed. Constant purging of the electrolyte with CO2 replenishes
the CO2 consumed by the reaction and maintains the bulk pH at 6.8.
If the electrolyte is only blanketed by CO2, the diffusion between the
gas headspace and electrolyte is too slow to replenish the CO2,
leading to a gradual increase in bulk pH. Alkaline conditions are
known to favor CO2RR over HER,47,48 which would explain why
the blanketed electrolyte shows higher FECO than the purged
electrolyte. Loboccaro et al. also noted the effect of CO2 mass
transport on bulk pH over long studies: the pH of 0.1 M NaHCO3

increased by 0.15 pH units after just 1 h of CO2RR at a
7.5 mA cm−2.49 The authors found that purging the electrolyte
with smaller, high surface area CO2 bubbles prevented gradual
alkalinization of the bulk electrolyte up to 15 mA cm−2. However, a
robust investigation of this hypothesis is outside the scope of this
article. For the remainder of this work, the electrochemical cell was
constantly purged with CO2 to remove O2, minimize ORR contribu-
tions to jdisk and jH2, and replenish consumed CO2.

Relative contributions of disk and ring to deactivation.—RRDE
selectivity measurements rely on both CO2RR at the disk and COOR
at the ring. Deactivation of either reaction would cause an apparent
decrease in FECO during CA measurements. Figure 5 presents a
sequence of CA and reactivation CV measurements to determine the
relative contribution of the disk and ring reactions to overall
deactivation (see also section S14, SI). First, a freshly prepared
poly-Au RRDE was reactivated with the ring and disk electrodes
shorted together. Next, a CA measurement recorded FECO deactiva-
tion over 5 min of CO2RR (Fig. 5a) decreasing from 81% at 30 s to
7% at 5 min. This process was repeated with only reactivating either
the disk or the ring electrode. Subsequent CAs showed neither case
fully recovered the initial CO selectivity (Figs. 5b, 5d). When only
the disk is reactivated, the FECO does not recover at all: 2% after 30 s
of CA (Fig. 5b). When only the ring is reactivated, FECO partially
recovers to 59% after 30 s of CA but gradually decreases to 5% after
5 min. However, the electrode can always be fully reactivated by
simply electronically shorting the ring and disk together and
applying the reactivation CV to recover initially high (i.e. >80%)
CO selectivity (Figs. 5c, 5e). Thus, we conclude that both the ring
and disk contribute to the observed FECO deactivation.

Figure 5d also suggests that disk deactivation accounts for a
nearly 30% FECO decrease after 30 s of CA. This was determined by

Figure 3. (a) FECO as a function of time on a poly-Au/Au RRDE in 0.1 M NaHCO3 (⩾99.7%, CO2 sat., pH = 6.8) with Edisk = −0.65 V vs RHE, Ering = 1 V vs
RHE, and ω = 2500 rpm. Three CA holds were performed sequentially on the same electrode with anodic reactivation CVs between each CA measurement to
reactivate the electrode. (b)–(c) Representative electrode reactivation CVs in 0.1 M NaHCO3 (⩾99.7%, CO2 sat., pHbulk = 6.8) with the electrolyte either (b)
blanketed with CO2 or (c) purged with CO2.
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comparing the FECO at 30 s after reactivation of both disk and ring
(Fig. 5c) to FECO at 30 s after reactivation of the ring only (Fig. 5d).
In the latter case, the ring has been reactivated, so the difference in
FECO between the two cases (88% vs 59%) must be attributed to
failure of CO production at the disk electrode. This suggests that the
remaining ∼60% of FECO deactivation is due to COOR deactivation
at the ring electrode. Additional RDE measurements in CO sat.
0.1 M NaHCO3 (⩾99.7%) confirmed that the COOR is unstable on
poly-Au over 5 min of CA (Figs. S14a and S16a, SI) but can be
reactivated by the anodic cycling treatment.

It is important to note that the mechanisms causing deactivation
of CO2 reduction to CO at the disk or CO oxidation at the ring are
not necessarily the same. In fact, the reactivation CVs of the disk
(Fig. 5g) and ring (Fig. 5h) are distinctly different in the first cycle,
further supporting that the deactivation mechanisms are different.
Specifically, the disk’s reactivation CV exhibits a small, broad peak
at ∼0.9 V vs RHE and increased current at 1.75 V vs RHE on the
first cycle. Conversely, the ring’s reactivation CV displays only an
increase and positive potential shift of the Au oxidation peak at
∼1.5 V vs RHE. After 10 cycles, these features disappear comple-
tely, and the final reactivation CV cycle of the ring or disk appear
identical. The remainder of this work focuses on identifying the
deactivation mechanisms affecting the ring and disk electrodes.

Identification and stripping of trace metal impurities.—One of
the most common culprits for CO2RR deactivation identified in
literature is the plating of trace metal contaminants from the
electrolyte. Several works have identified Cu, Zn, Pb, and Fe as
the main contaminants from sodium bicarbonates, even with
reagents exceeding 99.999% in purity.26–28

To identify trace metals in our system, CVs were performed on a
poly-Au RDE immediately after 5 min or 45 min CA at 1 V or

−0.9 V vs RHE. These potentials were chosen to represent the ring
and disk potentials during a typical RRDE selectivity measurement.
Figure 6 highlights the stripping features, and plots of the complete
CV range (−0.2 to 1.75 V vs RHE) are given in section S15, SI. The
sloping background cathodic current observed in all CVs is likely a
result of ORR from in situ generated O2 during stripping experi-
ments.

As expected, the CA holds at 1 V vs RHE do not result in new
stripping features (Figs. 6b, 6d) compared to the clean Au RDE
(Fig. 6a) since it is unlikely trace metals will deposit at this oxidizing
potential. In the case of a CA hold at −0.9 V vs RHE, several new
stripping peaks are observed, which grow as the electrolysis time is
increased from 5 min to 45 min. The peaks at −0.08 and 0.08 V vs
RHE correspond well to previous reports of Zn° stripping from
Au.27 The broad stripping peak at more positive potentials (ca. 0.75
to 1.20 V) is typically assigned to stripping of Cu species.27,28 The
identity of the sharp oxidation and reduction peaks at ca. 0.5 V vs
RHE has been debated despite being observed repeatedly in studies
of sodium bicarbonate electrolyte purity.26,27 Wuttig and
Surendranath assigned the peak to Cu stripping at 0.56 V vs
RHE.27 Conversely, Cui et al. suggested this peak is a convolution
of Pb stripping, Pb underpotential deposition, and electrochemical
lifting of Au surface reconstruction, which occur in the range 0.20 to
0.80 V vs RHE.26 Our results closely align with those of Cui et al. in
the position of the peaks, their gradual decrease in area with
increased cycling, and their shift to higher potentials. We also
observe the same effects on the Au redox features with repeated
stripping cycles: a reduction and negative shift in the Au oxidation
peak and increase and positive shift in the Au reduction peak.
Notably, this peak also appears in the CVs of the freshly prepared
RDE and after CA at 1 V vs RHE, again suggesting it may not solely
be due to trace metal deposition.

Figure 4. Selectivity (a), (d), jCO (b), (e), and jH2 (c), (f) results from CA experiments at 30 s (a)–(c) and 5 min (d)–(f) on a poly-Au/Au RRDE. Edisk was held
for 5 min at potentials from −0.4 to −1 V vs RHE in 100 mV increments. The electrolyte was either blanketed or purged with CO2 as indicated. Between each
potential hold, the ring and disk were shorted together and cycled 10 times between 0.05 and 1.75 V vs RHE to reactivate the RRDE. All experiments were
performed in 0.1 M NaHCO3 (⩾99.7%, CO2 sat., pHbulk = 6.8) with Ering = 1 V vs RHE, ω = 2500 rpm, and υ = 25 mV s−1. Error bars indicate the standard
deviation of n = 3 independent measurements on a freshly prepared electrode. Selectivity data represent instantaneous measurements at 30 s and 5 min in panels
(a) and (d), respectively. Lines in panels (b, c) and (e, f) are meant to guide the eye.
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The stripping results in Fig. 6 also explain why the reactivation
CVs (Figs. 3b, 3c) effectively recover the Au electrode’s selectivity
for CO. Several previous works have used anodic treatments
including cyclic voltammetry,28,36 open-circuit holds,28 and anodic
pulsing50 to reactivate Au electrodes for CO2RR. All these methods
work by electrochemically stripping trace metal contaminants and
organic poisons from the electrode surface. Anodic reactivation,
however, has been criticized for inducing restructuring, roughening,
and/or dissolution of the Au electrode.36 However, this system does
not show evidence of restructuring from anodic cycling treatments.
Firstly, the reactivation CVs are consistent across multiple anodic
cycles (Fig. S27, SI) with no change in the Au reduction peak area.
Secondly, the FECO vs time plot (Fig. 2a) is reproducible within
∼10% after repeated CA and reactivation experiments.

Further measurements by XPS before and after 4 h of CO2RR in
CO2 sat. 0.1 M NaHCO3 (⩾99.7%) confirmed the chemical identity
of the trace metals as Zn, Cu, Fe, and Pb (section S17, SI). XPS was
also used to confirm that the polishing protocols would prevent trace
metal deposits from carrying over on Au electrodes from previous
experiments (Fig. S4, SI). Zn and Pb were effectively removed by
mechanical polishing with diamond slurry, but, surprisingly, Cu
persisted on the surface. Additional chemical treatment of the Au
electrode by soaking in 20 wt% HNO3 was necessary to remove the
Cu contaminants, and thus this was added to our electrode prepara-
tion procedure for all experiments.

XPS measurements were also performed after 4 h of COOR in
CO sat. 0.1 M NaHCO3 (⩾99.7%) on a poly-Au RDE to investigate
the deposition or adsorption of electrolyte impurities under the same
experimental conditions experienced by the RRDE’s ring electrode
(section S18, SI). Significant amounts of Ag (>9 at%) were found
on the RDE surface after COOR in addition to lesser quantities of I
(Fig. S44, SI). Zn, Cu, Fe, and Pb were not detected.

Effect of electrolyte purity on deactivation rates.—Clearly, trace
electrolyte impurities are present and will deposit onto the disk and
ring electrodes under the conditions of an RRDE selectivity
measurement. Deposition of metals on the poly-Au disk is expected
to alter its selectivity over time as more trace metals accumulate on
the surface. Zn has similar CO2RR selectivity to Au but produces
more formate in addition to CO. Cu deposits will produce more H2

and a variety of CO2RR reduction products (methane, ethylene,
ethanol, and formate) compared to Au. Pb and Fe produce almost
entirely formate and H2, respectively.

4 Accumulation of Ag or I−

onto the ring electrode would both be expected to reduce electro-
catalytic activity for CO oxidation. Ag is considered largely inactive
for the COOR in base, and I− has been shown to totally deactivate
the COOR on Au particles.51,52

To isolate the effect of trace impurities from other possible
deactivation mechanisms, RRDE CV experiments were repeated in
electrolytes with differing purities (⩾99.7%, ⩾99.999%) or purifica-
tion treatments (pre-electrolysis, Chelex purification) (section S12,
SI). For each electrolyte, we discuss the effects of electrolyte purity
on the deactivation of both CO2RR and COOR at the disk and ring
electrodes, respectively.

Pre-electrolyzing 0.1 M NaHCO3 (⩾99.7%) resulted in a max-
imum FECO of 43% at −0.76 V vs RHE with clear deactivation upon
repeated cycling (Fig. S20, SI). These results offer no improvement
in FECO or stability compared to CVs in unpurified 0.1 M NaHCO3

(⩾99.7%) (Figs. 2; S19, SI), indicating that pre-electrolysis does not
effectively reduce deactivation for this particular electrolyte and
purity. The CVs in pre-electrolyzed electrolyte also exhibited
significant noise in the idisk and iring measurements which were
caused by the formation of high surface area Au deposits during
CO2RR that were poorly adhered to the RRDE surface (Fig. S21,
SI). These Au deposits likely arise from dissolution of the Au mesh

Figure 5. FECO selectivity data collected from a sequence of five CA measurements with Edisk = −0.6 V vs RHE and Ering = 1 V vs RHE (a)–(e). Before each
5 min CA hold, 10 reactivation CV cycles were performed between 0.05 and 1.75 V vs RHE at υ = 25 mV s−1 as indicated by the arrows at the top of the figure.
CA was performed after reactivating both the disk and ring (a), (c), (e), the disk only (b), or the ring only (d). Representative reactivation CVs of both the disk
and ring (f), the disk only (g) or the ring only (h). Note the difference in current axis scaling among panels (f)–(h). All experiments were performed in 0.1 M
NaHCO3 (⩾99.7%, CO2 sat., pHbulk = 6.8) with ω = 2500 rpm and continuous CO2 purging.
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anode into the electrolyte during the pre-electrolysis.28 ICP-MS
analysis of the electrolyte before and after pre-electrolysis confirmed
the Au concentration rose from 7 ppb to 679 ppb. The dissolved Au
species then deposit onto the disk during subsequent CO2RR
experiments and increase the effective surface area of the electrode.
Compositional analysis by XPS (Fig. 7a) of an RDE surface after 4 h
of CO2RR shows that pre-electrolysis reduced the presence of Zn,
Cu, and Fe on the electrode surface compared to unpurified 0.1 M
NaHCO3 (⩾99.7%).

We also investigated the impact pre-electrolysis has on the
COOR by CA and XPS. Pre-electrolysis slightly reduced the
deactivation of COOR on a poly-Au RDE over 5 and 15 min of
CA at 1 V vs RHE (Fig. S16b, SI). After 5 min of CA, the COOR
current density in pre-electrolyzed electrolyte was 0.96 mA cm−2

compared to 0.86 mA cm−2 in untreated 0.1 M NaHCO3 (⩾99.7%)
electrolyte. Post-COOR XPS measurements showed that pre-elec-
trolysis did not uniformly decrease the presence of trace impurities
on the electrode surface. Notably, the surface Cu and I concentration
increased while Ag decreased compared to the untreated electrolyte.

Simply switching to a higher purity commercial NaHCO3 reagent
(⩾99.999%) also reduces the presence of trace metals and increases
the maximum FECO in CV experiments to 57.4% at−0.88 V vs RHE
(Fig. S22, SI). We conclude that pre-electrolysis is not an effective

electrolyte purification method in the context of RRDE selectivity
measurements due to persistent FECO deactivation and the Au
dissolution/deposition issue.

Another common purification method for bicarbonate electro-
lytes is pre-treatment with Chelex resin, a styrene divinylbenzene

Figure 6. CVs recorded on a poly-Au RDE (a) before CA and immediately
after CA at (b) +1 V for 5 min, (c) −0.9 V for 5 min, (d) +1 V for 45 min,
and (e) −0.9 V for 45 min (all potentials are vs RHE). Each CV was
recorded between −0.2 and 1.75 V vs RHE for 10 cycles at 50 mV s−1 in
untreated 0.1 M NaHCO3 (⩾99.7%, CO2 sat., pHbulk = 6.8) at 2500 rpm. The
electrolyte was continuously purged with CO2 for all CV and CA measure-
ments.

Figure 7. Selected surface composition data from XPS measurements on
poly-Au RDEs after (a) 4 h of CO2RR at −1 V vs RHE or (b) 4 h COOR at
1 V vs RHE in 0.1 M NaHCO3 of different purities. Compositional data was
normalized to the atomic percentage of Au for each sample. All glassware
was cleaned by the citric acid method unless otherwise noted in the legend.
Asterisks (*) indicate that the element was not detected on the RDE surface
by XPS. The complete data set with and without normalization to At% Au
are given in sections S17 and S18, SI.
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copolymer with iminodiacetate functional groups that will bind with
metal ions in solutions of pH ⩾ 4.26,27,53 Compositional data from
XPS showed that CO2RR in Chelex purified 0.1 M NaHCO3

(⩾99.999%) resulted in the lowest surface concentrations of Zn,
Cu, Fe, and Pb of all the electrolytes investigated (Fig. 7a),
indicating that Chelex is highly effective at removing trace metal
contaminants from the electrolyte. Surprisingly, this did not translate
to higher FECO or decreased deactivation. In fact, CV experiments in
Chelex purified electrolyte showed the lowest FECO of all electro-
lytes and continued deactivation with repeated cycling (Fig. S24,
SI). This result is in stark contrast to previous reports, which found
Chelex purification reduced trace metal contamination and improved
CO selectivity on poly-Au electrodes.26,27 The discrepancy between
our results and those of Wuttig et al.27 may be due to differences in
product detection methods. Wuttig et al. used gas chromatography
for product analysis, whereas this work employs an electrochemical
detection technique by CO oxidation at the ring electrode. We
hypothesize that trace organic contamination introduced by the
Chelex treatment could alter the disk’s selectivity for CO or inhibit
CO detection at the ring. This hypothesis is supported by CA
measurements of the COOR in Chelex treated 0.1 M NaHCO3

(⩾99.999%) that showed a rapid decrease in current density from 1.0
to 0.25 mA cm−2 over 5 min (Fig. S16d). In comparison, the same
purity electrolyte without Chelex treatment exhibited the most stable
COOR current over 5 min, dropping from 1.2 to 1.1 mA cm−2 over
5 min (Fig. S16c). These data indicate that Chelex treatments can
have a severe impact on COOR stability. Post-COOR XPS showed a
nearly 40x increase in Ag on the electrode surface when Chelex
treated 0.1 M NaHCO3 (⩾99.999%) electrolyte was used compared
to untreated 0.1 M NaHCO3 (⩾99.999%) electrolyte, suggesting that
Ag impurities introduced by Chelex are also responsible for COOR
deactivation. Curiously, Cui et al. employed the same RRDE product
detection method used here but reported enhanced FECO in Chelex
purified electrolytes.26 Thus, there may be unidentified variables
affecting the efficacy of Chelex purification, and further investiga-
tions are necessary. Electrochemical surface enhanced Raman
spectroscopy would be a particularly useful technique to identify
surface contaminants but would require Au roughening to achieve
the signal enhancement effect.54 Electrochemical atomic force
microscopy or scanning tunneling microscopy can detect adsorbates
on Au electrodes with molecular resolution;55,56 however, these
techniques lack the chemical specificity of Raman spectroscopy.
Thus, we expect a combination of spectroscopic and microscopic
techniques would be necessary to understand the chemical nature
and spatial distribution of contamination and their effects on
deactivation.

Effect of glassware cleaning method on deactivation rates.—
Lastly, the effect of the glassware cleaning procedure on FECO and
deactivation was determined. Trace metal and organic contaminants
are known to persist on glassware and effect electrochemical
measurements on low surface area electrodes.37 A rapid (∼2 h)
cleaning procedure in KOH and citric acid was compared to a more
time-consuming (∼32 h) and rigorous procedure in concentrated
H2SO4. CO2RR CV experiments showed a 17% increase of the
maximum FECO when using glassware cleaned in H2SO4 (74% at
−0.58 V vs RHE; Fig. S23, SI) vs citric acid (57% at −0.88 V vs
RHE; Fig. S22, SI). However, gradual deactivation of the RRDE was
observed in both cases.

To quantify and compare the deactivation rates of FECO and jCO
in systems of different purity, CA RRDE measurements were
performed from Edisk = −0.4 to −1.0 V vs RHE in 100 mV
increments (section S16, SI). Deactivation rates at each disk
potential were calculated by the linear slope between the FECO or
jCO 30 s and 5 min of the CA measurement (section S16, SI), and the
results are shown in Fig. 8. Increasing the NaHCO3 reagent purity
from 99.7% to 99.999% noticeably reduces the deactivation rate of
FECO by ca. 30%–40% (Fig. 8a). Changing the glassware cleaning
method from citric acid to H2SO4 provides only minor additional

suppression of the deactivation rate, indicating that reagent impu-
rities rather than the glassware cleanliness are the predominant cause
of deactivation. Even under the cleanest conditions, significant FECO

deactivation rates on the order of −5%–10% min−1 are still
observed, so we conclude trace metal and organic contamination
from the NaHCO3 reagents and glassware are not the only sources of
deactivation mechanisms present.

The FECO and jCO deactivation rates were also found to depend
on Edisk, and the trends can be separated into two potential regions,
regardless of the electrolyte or glassware purity. In region I (Edisk =
−0.4 to −0.9 V vs RHE), the FECO deactivation rate is fast (−5%
min−1 or faster) and the jCO deactivation rate increases with higher
overpotentials. The partial current density data for region I (section
S14, SI) shows that jCO decreases over time while jH2 increases over
time, causing the high FECO deactivation rate. Conversely, region II
(Edisk = −0.9 to −1 V vs RHE) shows a near-zero FECO deactivation
rate and breaks the trend of increasing jCO deactivation rates with
increasing overpotential. The partial current density data in region II
shows both jCO and jH2 decreasing over time with the ratio jCO: jH2
remaining nearly constant. This comparison of regions I and II
reveals that FECO and jCO deactivation are both accelerated in region

Figure 8. Deactivation rates for FECO (a) and jCO (b) calculated from CA
RRDE experiments on a poly-Au/Au RRDE (Figs. S33–35, SI) in electro-
chemical cells of differing purity. Data is an average of n = 3 (black circles,
red triangles) or n = 5 (green squares) independent measurements on a
freshly prepared poly-Au/Au RRDE. Regions I and II are indicated by
orange and blue shading, respectively. Lines are meant to guide the eye.
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I but suppressed in region II. We offer three probable explanations
for this phenomenon.

First, the near-zero deactivation rates in region II may be an
artifact of somewhat arbitrarily defining 30 s as one of the points
used to calculate the deactivation rate. It is possible that at highly
reducing overpotentials, the deactivation process is much faster and
thus the electrode is mostly deactivated by 30 s. Substantially higher
current flow is measured at −1 V vs RHE compared to the other
potentials which would cause the electrodeposition rate of trace
metals to increase. However, assessing the deactivation rate at t
<30 s is challenging due to non-Faradaic contributions by the
formation of the electric double layer to the measured current.
Thus, there is a need to model the relative contributions of double
layer charging, CO2RR, HER, and electrodeposition of contaminant
metals to the overall disk current at early times of the CA
experiment.

Second, the switch from region I to II may be caused by an
interfacial pH effect that changes the predominant buffer reaction at
the electrode interface. RRDE-based interfacial pH measurements
under similar conditions (RRDE with poly-Au disk electrode, CO2

sat. 0.1 M NaHCO3, ω= 2500 rpm), by Liu et al. found that the disk
pH increases from 6.8 to 11.4 when cycling between 0 and −1.0 V
vs RHE. Conversion of the predominant buffer species from
CO2/HCO3

− to HCO3
−/CO3

2− occurred at a current density of
approximately −0.25 mA cm−2 and Edisk = −0.5 V vs RHE which
has also been shown to affect the predominant proton donor for
HER.15 While the shift between region I and region II in this work
occurs at much higher overpotentials (−1.0 V vs RHE), the FECO

deactivation rate gradually decreases with increasing overpotential
starting at Edisk = −0.5 V vs RHE.

Lastly, the difference between regions I and II could arise from
changes to the CO oxidation reaction mechanism. Tackett et al. have
shown that the ring electrode experiences the same interfacial pH
shift as described previously for the disk electrode, especially at low
current densities (jdisk ⩽10 mA cm−2).23 The shift to more alkaline
local pH with increasing CO2RR overpotential will alter the CO
oxidation mechanism from being H2O mediated to CO3

2−

mediated.57 Future work should establish the stability of COOR on
the Au ring electrode in the pH range 6.8 to 11 to determine whether
a shift in COOR mechanism could cause apparent FECO deactiva-
tion. Furthermore, coupling these RRDE measurements with online
mass spectrometry to analyze gaseous products could deconvolute
contributions of CO production at the disk from CO detection at the
ring to the overall FE measurement.

Conclusions

CO2RR selectivity measurements by RRDE are highly sensitive
to electrolyte conditions making this technique appropriate for
studying electrolyte effects on electrocatalytic activity and selec-
tivity. However, this high sensitivity also requires that experimental
conditions are carefully controlled to ensure reproducible results.
Here we have reported the rapid and persistent deactivation of poly-
Au/Au RRDEs with both CV and CA experiments. We found that
both deactivation of CO production at the disk electrode and
deactivation of CO detection at the ring electrode contribute to
FECO deactivation. Periodic anodic cycling treatments were effective
for temporarily re-activating RRDEs for selectivity measurement by
stripping off trace metal poisons from the electrode surfaces. The
effect of system purity was thoroughly investigated to reveal that the
NaHCO3 reagent purity was responsible for ca. 30% of the FECO

deactivation. Further studies are needed to identify the additional
deactivation mechanisms and devise strategies for eliminating
deactivation.

These results highlight the need for standardized and cross-
laboratory validation of CO2RR selectivity measurements by RRDE.
Researchers implementing this RRDE technique for CO2RR selec-
tivity measurements need to be cognizant of electrode deactivation

and its potential impacts on FEs and overall conclusions of their
work. We suggest future RRDE CO2RR selectivity studies include
the following experimental details and analysis:

• Accompany CV measurements with CA measurements in the
same potential range to detect deactivation. If deactivation is
observed, determine the time scale over which deactivation occurs.
Also consider the effect of FECO decrease over time on the data
interpretation and any mechanistic conclusions.

• Report glassware cleaning and electrolyte purification proto-
cols in detail.

• Clearly report procedures of any electrode reactivation pro-
cesses. Compare FECO data with and without the activation
procedure.

• If potential excursions are taken to the OER region, ensure
in situ generated O2 is either removed or has no effect on subsequent
FECO measurements.

• Use XPS, electrochemical stripping, and/or equivalent methods
to prove that electrode polishing protocols are sufficient to remove
plated impurities from the electrode surface.

• At minimum, report the trace metal contaminants present in the
system. Ideally, prove that purification methods are sufficient to
remove contaminants.

• Examine the effects of purification methods on COOR stability
at the ring electrode.

We encourage researchers to also pursue these measurements as
round robin studies across multiple institutions, as has been
previously conducted for poly-Pt RDE studies of the ORR.58 Such
comparisons will aid in the further development of RRDE as a
robust technique for CO2RR selectivity measurements.
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