
pubs.acs.org/acscatalysis Research Article

D
ow

nl
oa

de
d 

vi
a 

U
N

I
 N

E
B

R
A

SK
A

 L
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

a
ui

de
lin

es
 f

or
 o

p

Effect of Alkali Metal Cations on Nitrate Electroreduction Kinetics,
Mass Transport, and Cobalt Catalyst Oxidation
Rajkumar Jana, O. Quinn Carvalho, Ruth Bello, Payal Chaudhary, Jiyun Hong, Adam S. Hoffman,
Simon R. Bare, Ankur Gupta, Vitaly Alexandrov, and Kelsey A. Stoerzinger*
Cite This: https://doi.org/10.1021/acscatal.6c02764
 Read Online
Recei
Revis
Accep

© XXXX The Authors. Published by
American Chemical Society A
ACCESS
 Metrics & More
 Article Recommendations
ved: April 9, 2026
ed: June 29, 202
ted: July 8, 2026
Supporting Information
ic
l

ABSTRACT: The electroreduction of the nitrate anion is surprisingly cata-
lyzed on surfaces that are perceived as negatively charged, conditions where
cations from the electrolyte are—on average—closer to the surface in the elec-
trical double layer (EDL). As such, the charge density of alkali metal cations
and the extent of their interactions with nitrate could notably impact both
transport of nitrate to the surface and the rates of its reduction. We separate
these effects quantitatively for the electrocatalytic nitrate reduction reaction
(NO3RR) on cobalt in alkaline media, which has a high Faradaic efficiency
to ammonia (∼90%). A K+-containing electrolyte has higher NO3RR kinetic
currents than a Li+-containing one, though the magnitude of this difference
depends on catalyst pretreatment. Surprisingly, an ∼2x difference in the appar-
ent NO3RR diffusion limited current is observed between Li+ and K+ electro-
lytes, inconsistent with the reduction of uncharged reactants. This differenceC
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arises in part from the availability of active sites, also involved in (oxy)hydroIN tio
n

xide formation due to the highly oxidizing nature of
the nitrate reactant and nitrite intermediate. The dynamic role of such species during NO3RR is uniquely influenced by the nature
of the cation, pointing to a complex coexistence of (hydr)oxides and cations in stabilizing the anionic reactant under the reducing con-
ditions of NO3RR.
KEYWORDS: electrochemical nitrate reduction, specific ion effects, electrical double layer, electrolyte effects, X-ray absorption spectroscopy,
metal redox, open circuit potential
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1. INTRODUCTION to cation effects at length scales of the Stern layer
6

At potentials where electrocatalysts are negatively charged, elec-
trostatics indicates cations are closest to the surface,1 dominat-
ing the Stern layer with a thickness comparable to that of a
solvated ion.2 As such, the nature of the cation in solution has
been observed to impact the rate of electroreduction reactions
such as the oxygen reduction reaction (ORR),3 carbon dioxide
reduction reaction (CO2RR),4–7 and hydrogen evolution reac-
tion (HER).8–11 The origin of such effects can be complex
and vary across catalysts and reactions. For example, changes
in the electric field strength impact electron transfer for rate-
determining intermediates12,13 with large dipole moments, and
reduction reactions in alkaline electrolytes uniquely require
abstracting protons from water, where dissociation constants
can be influenced by cation identity.14,15

For nitrate electroreduction (NO3RR), the anticipated effect
of cation identity is more complex due to the negative charge of
the reactant.16 Surprisingly, NO3RR occurs at high rates17 on
many metals below the potential of zero total charge
(PZTC),18 under conditions where transport of anions to the
surface is unfavorable,19–21 with counter cations instead antici-
pated to be closest to the electrode surface. Thus, in addition
(Ångströms) described above,1,4,5,22,23 ion pairing may influ-
ence transport to the near-surface region (micrometers), partic-
ularly under high nitrate concentrations where migration may
significantly act against diffusive transport.24,25 Initial investiga-
tions indeed demonstrate the identity of cation matters;26–28

however, these investigations convolve kinetics with the impact
of mass transport and changes in the local reaction environ-
ment,29 and are on catalysts yielding multiple products, where
series reactions hinder kinetic quantification.30 Against this
backdrop is further complexity that NO3

– is highly oxidizing
and may lead to oxide formation upon dissociative adsorption
on some metals, such as cobalt and copper,17,31–34 (dependent
upon the electrochemical potential and pH).
https://doi.org/10.1021/acscatal.6c02764
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Here, we quantify the effect of cation identity for the
NO3RR on cobalt (Co), where our previous work has shown
Co to be uniquely capable amongst first row transition metals
in achieving high Faradaic efficiency (FE) to ammonium in bulk
neutral media.35 Cobalt has subsequently attracted much atten-
tion for NO3RR in alkaline environments as well, where this
selectivity is maintained.36,37 Here, we employ forced convec-
tion electrochemical techniques using a rotating disk electrode
(RDE) geometry to quantify diffusion-limited rates, surprisingly
∼2x higher in K+ than Li+, and account for these differences in
rigorous quantification of kinetic current. The NO3RR kinetic
currents are ∼2–3x higher in K+- than Li+-containing electro-
lytes, where density functional theory (DFT) calculations sup-
port the stabilization of nitrate adsorption via the inclusion of
a cation, and to a greater extent with K+. A stronger electric
field strength for K+ resultant from its smaller hydrated
radius than Li+ is also consistent with these greater rates in
K+-containing electrolytes, given the polar intermediates
involved in the initial reduction of NO3

– to NO2
–. Differences

in mass transfer-limited rates with cation identity are an order
of magnitude larger than for the inner sphere reduction of
uncharged reactant species (e.g., O2)

3 or outer-sphere electron
transfer to anions (e.g., [Fe(CN)6]

3–),38 which, together with
operando X-ray absorption spectroscopy (XAS) measurement,
suggest the dynamic formation of (hydr)oxides during
NO3RR varies with cation identity.

2. METHODS

2.1. Electrochemistry

Semiconductor-grade metal hydroxide pellets, trace metal grade nitrate
salts (see Supporting Information for vendors), and Milli-Q water
(18.2 MΩ∙cm, <10 ppb TOC, Milli-Q IQ 7010) were used for the
preparation of all the aqueous electrolytes. Prior to each electrochem-
ical experiment, the electrolyte was saturated with ultrahigh-purity
argon gas.

For RDE, a cobalt disk (Pine research, 99.95%) was used as a work-
ing electrode with a high-purity Pt coil counter electrode and a Ag/
AgCl (CH Instruments, CHI 111, saturated KCl) reference electrode
in an undivided PFA electrochemical cell with a custom-machined
polytetrafluoroethylene (PTFE) cap. The reference electrode was
experimentally calibrated to the reversible hydrogen electrode (RHE)
before each experiment in the relevant 0.138 M MOH electrolyte
and isolated with a secondary frit (Ametek K0065) during measure-
ments. Cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) measurements were performed at 10 and 2 mV/s scan rates,
respectively. All reported potentials have been corrected for the mea-
sured uncompensated resistance (typically, 35–45 Ω) from potentio
electrochemical impedance spectroscopy (PEIS) at the open circuit
potential. The current has been normalized by the geometric surface
area of the cobalt disk (0.19625 cm2).

Before activity measurements, two separate methods were adopted
for cleaning the cobalt disk. 1) HCl etching of residual oxides, per-
formed by etching with 1:4 HCl:H2O for 30 s, followed by thoroughly
rinsing with Milli-Q water and drying under nitrogen flow, referred to
as “HCl pretreatment” in the text. 2) An electrochemical method,
referred to as “OCP pretreatment” in the text. After mechanical polish-
ing, the electrode was held at –0.37 V vs RHE for 30 min in 0.138 M
MOH to pre-reduce any remaining oxides and MNO3 was added while
holding the Co disk at +0.3 V vs RHE (a constant potential similar to
OCP in the presence of nitrate) for 3 min and 10 s.

Product selectivity was measured for Co foil (Beantown Chemical,
≥99.5%) in a PTFE H-cell with a Ag/AgCl reference electrode in a
secondary frit, separated with Fumasep FAA-3-50 membrane from
graphitic carbon rods (Becker Brothers) as a counter electrode.
B

Nitrate and nitrite were quantified by anion ion chromatography
(Thermo Scientific Dionex Integrion HPIC system), and NH3 by a
modified Berthelot reaction.39 More details are provided in the
Supporting Information.

2.2. Operando X-ray Absorption Spectroscopy (XAS)

Operando Co K-edge XAS spectra were collected at beamline 9–3 of
the Stanford Synchrotron Radiation Lightsource at the SLAC
National Accelerator Laboratory. The photon energy was selected
using a liquid-nitrogen-cooled, double-crystal Si (220) monochromator
(crystal orientation φ=0°). XAS data were collected in fluorescence
mode using a passivated implanted planar silicon (PIPS) detector.
The I0 signal was recorded using a N2-filled ion chamber. For energy
calibration, a Co foil standard (7.5 μm thickness) was scanned simulta-
neously with every scan using an off-axis photodiode.

The operando flow cell was based on cell design by Ostervold
et al.40 The flow rate was 10 ml/min, and the working electrode com-
prised 20 wt % Co nanoparticles (∼25 nm particle size) supported on
Vulcan carbon (20 wt % Co on Vulcan XC-72, Premetek) drop cast on
a 25 × 25 mm piece of 0.3 mm thick glassy carbon. Co nanoparticles
were first reduced to remove residual oxide and achieve a metallic state
by holding at –0.56 V vs RHE for 115 min until the spectra did not
change appreciably with time and then stepped sequentially to less
cathodic potentials. Additional details are provided in the Supporting
Information.

2.3. Density Functional Theory (DFT)

All spin-polarized DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP).41,42 The projector augmented
wave (PAW) pseudopotentials (Co, K_sv, Li_sv, N, O, and H) were
used,43 and exchange-correlation functionals were described using the
Perdew-Burke-Ernzerhof (PBE) scheme.44 A plane-wave kinetic energy
cutoff of 400 eV was used, and the electronic self-consistency conver-
gence threshold was set to 10–4 eV. Nonlocal van der Waals interac-
tions were described using the DFT-D3 method based on Grimme’s
formalism.45 The Co(0001) surface was modeled using a four-layer
thick metal slab with lateral dimensions of 9.71 Å × 8.41 Å. A vacuum
spacing of 21 Å was introduced along the surface-normal direction to
prevent interactions between periodic slab images. Structural optimiza-
tions were performed by relaxing all adsorbates and the top two layers
of the slab until residual forces were below 0.05 eV/Å. The Brillouin
zone was sampled using a Monkhorst–Pack k-point mesh of 3 × 3 ×
1. DFT binding energies were computed following the methodology
described in the literature.46 For adsorbed species, only vibrational
entropy effects were considered, consistent with previous studies.46

Further details are provided in supporting Information.

3. RESULTS AND DISCUSSION

The NO3RR activity of a polycrystalline Co disk, precleaned of
native oxide with dilute HCl prior to measurement, was mea-
sured using CV. The rotation rate of an RDE controls the thick-
ness of a diffusive boundary layer, enabling systematic
manipulation of mass transfer to the catalyst surface. Figure 1
illustrates that increasing the concentration of KNO3 in
0.138 M KOH leads to the onset of NO3RR current around
–0.1 V vs RHE, the magnitude of which increases with bulk
KNO3 concentration. In the presence of KNO3, two character-
istic regions are observed upon sweeping to more negative
potentials: a steep onset characteristic of rates dominated by
kinetics (shaded in yellow), followed by an approximately
voltage-independent rate dominated by mass transfer limita-
tions (shaded in red). We note the investigation of low KNO3
concentrations with a >35x larger concentration of supporting
electrolyte (0.138 M KOH) mitigating contributions from
https://doi.org/10.1021/acscatal.6c02764
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Figure 1. CVs at 10 mV/s from a cobalt disk rotating at 400 rpm,
measured in 0.138 M KOH with noted concentration in mM of
KNO3. The region highlighted in yellow shows the steep onset of
NO3RR dominated by kinetics, whereas the red region shows the
∼voltage-independent current arising from mass transport limitations.
The CV with 0 mM KNO3 illustrates the onset of HER in the absence
of NO3

–.

Figure 2. Cobalt NO3RR in 0.138 M MOH. A) Variation in current
density response with cation identity at 400 rpm with 5 mM MNO3.
Differences in onset are highlighted for –1 mA/cm2. B) Average
NH3 FE at –0.37 V vs RHE in noted concentration of MNO3; error
bars represent the standard deviation of three independent
measurements.

ACS Catalysis pubs.acs.org/acscatalysis Research Article
migration, such that mass transfer is dominated by diffusion in
the stagnant layer (see Supporting information).

Surprisingly, both regions of the CV show notable changes
with cation identity, suggesting that kinetic rates and mass
transfer improve in the order Li+ < Na+ < K+ (Figure 2a).
We note that this difference in current does not arise from
changes to the FE or number of electrons transferred in
NO3RR; NH3 FE remains ∼90% regardless of cation identity
or MNO3 concentration (Figure 2b). The differences in diffu-
sion limited current are in contrast to that for the oxygen reduc-
tion reaction (ORR), where ORR has comparable diffusion
limited rates for Co in 0.138 M LiOH and KOH (Figure S1),
in agreement with the literature on other catalysts.3 We also
observe cation effects on NO3RR rates in neutral buffered solu-
tion, illustrating that the presence of other anions does not mit-
igate these effects (Figure S2).

3.1. Separating Kinetic- and Mass Transfer-Limited Rates

We first consider the impact of cation identity on the kinetic
current. The difference in observed onset potentials with cation
identity is supportive of kinetic effects (Figure 2a), with
∼80 mV shifts, nearly twice that observed in the ORR on other
metals.3 The rotation rate dependence of the current
(Figures 3a and S3) can be leveraged to isolate and quantify
kinetic currents (from diffusion-limited ones, which we discuss
differ with cation in Section 3.3) by extrapolating to infinite
rotation rates using the Koutecky–Levich equation:47

1=j= ð1=jkÞ+ ð1=jdÞ (1)

where j is the measured current density, whose inverse can be
considered as the sum of the inverse of kinetic and diffusion
limited current densities, jk and jd , respectively. The diffusion-
limited current density is linearly dependent on the square root
of the angular rotation rate of the RDE, ω:

jd = ð0:62nFDeff
2=3ν�1=6C*Þ×ω1=2 (2)

where n is the number of electrons transferred, F is Faraday’s
constant, Deff is the effective diffusion coefficient of reactant, v
is the kinematic viscosity, and C* is the concentration in the
C

bulk electrolyte. Thus, the Koutecky–Levich (K–L) analysis
gives a straight line plotting 1/j vs ω–1/2 with a K–L slope
(eq 3), which we indeed observe here (Figures 3b and S4).
The effective diffusion coefficient values calculated using eq 3
are tabulated in Table S2.

K � L slope= 1=ð0:62nFDeff
2=3ν�1=6C*Þ (3)

3.2. Kinetic Rates

We isolate the effect of cations on the kinetic current in alkaline
media via Koutecky–Levich analysis, finding NO3RR rates that
are 2–3x higher in K+-containing electrolyte compared to those
containing Li+ (Figures 3c and S5). Comparable rate differ-
ences with cation are observed for measurements on an electro-
chemically reduced surface as well (Figure S6). Considering the
∼90% FE toward NH3 enables calculation of kinetic rates of
NH3 production: 120 ± 3, 172 ± 5, and 278 ± 7 μmol
cmgeo

–2 h–1 for Li+, Na+, and K+, respectively, for the polycrys-
talline cobalt disk in 5 mM MNO3-containing media at –0.3 V
vs RHE. Moreover, the observed NO3RR rate is approximately
first order with respect to nitrate concentration (Figure S7).
These rates represent the first, known to us, that account for
cation-dependent mass transfer limitations in NO3RR.
We next consider the role of cations in influencing both the

interfacial electric field and intermediate adsorption energies.
The smaller hydrated radius of K+ leads to closer approach to
the Co surface (Figure 4). Accounting for cation-dependent
potential drops within the Stern layer is consistent with the
experimentally observed differences in NO3RR kinetic rates
(Figure S8). We note a similarly ∼2x greater HER current den-
sity for K+ vs. Li+ electrolytes in the absence of MNO3
(Figure S9). The closer approach of K+ and its weaker solvation
https://doi.org/10.1021/acscatal.6c02764
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Figure 3. Rotation rate dependence of NO3RR on Co with 5 mM MNO3 in 0.138 M MOH. (A) Cathodic sweep of CVs at noted rotation rate in
rpm for M = K+. (B) Example of Koutecky–Levich analysis at –0.3 V vs RHE, with noted K–L slopes and further fitting parameters in Table S1.
(C) Kinetic current density jk from the inverse of the y-intercept of panel (B); and (D) Koutecky–Levich (K-L) slope for noted cation in a supporting
electrolyte of 0.138 M MOH (where M = Li+, Na+, K+). Rotation rate-dependent data for Li+ and Na+ can be found in Figure S3.

Figure 4. DFT-calculated free energy diagram for *NOx species adsorbed on the Co surface in the presence of solvated Li+ and K+ cations.

ACS Catalysis pubs.acs.org/acscatalysis Research Article
can also lead to specific interaction of K+ with an oxygen of
bound *NO3 in addition to hydrogen bonding from its solvat-
ing waters, strengthening nitrate adsorption (Tables S4–S6).
In contrast, strongly solvated Li+ remains further away and
interacts only via hydrogen bonding.

3.3. Cation-Dependent Effective Diffusion Coefficients

Returning to our experimental findings, the slopes from
Koutecky–Levich (K–L) analysis are notably higher for Li+

(Figure 3d), consistent with a ∼2x smaller Deff than for K+

(Table S2). Indeed, recent calculations predict a smaller diffu-
sion coefficient for NO3

– with a Li+ cation, but only by
∼10%.25 The smaller diffusion coefficients measured here via
the rotation-dependent rate of anion reduction in comparison
to bulk self-diffusion coefficients25,48 could point to slower dif-
fusion through the electrical double layer (EDL), particularly
with Na+ and Li+. A similar reduction in diffusion from K–L
analysis of Cl– oxidation was attributed to a cation-dependent
penetration of the EDL, modeled with an effective diffusion
D

coefficient in the EDL three orders of magnitude smaller than
in the bulk. We note that the magnitude of the cation depen-
dence in Deff found here was not observed for the outer sphere
reduction of anions38 or the inner sphere reduction of
uncharged species (Figure S1),3 but a similar magnitude has
been observed for the inner sphere oxidation of anions, where
the smaller value for Li+ is attributed to its structure-making
properties.49 The flux of NO3

– to the surface was also calculated
by Murphy and Fong to be further suppressed for Li+ from dif-
ferences in transference number in the absence of a supporting
electrolyte,25 however, which may also play a more minor role
here. It was surprising, however, to see that the experimental
K–L slope measured here varied with applied potential for all
cations (Figure 3d). Eq 3 suggests that a larger K–L slope at less
cathodic potentials arises from either smaller C* (unphysical;
we note that the K–L slope decreases with concentration,
Table S3) or a smaller diffusion coefficient. While back migra-
tion at the EDL could impact observed diffusion rates (via elec-
trostatic repulsion in the opposite direction), the net effective
diffusion coefficient would be expected to increase at less
https://doi.org/10.1021/acscatal.6c02764
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cathodic potentials (where the surface charge is less negative),
the opposite of the observed findings.

Instead, we reconsider the assumptions implicit in the analy-
sis of areal current density. This geometric disk area (as
opposed to one considering surface roughness) is appropriate
in considering diffusion of NO3

– through the stagnant layer to
the surface. However, the catalyst could undergo dynamic
changes in the availability of active sites with applied potential
(e.g., resulting from redox events). If a reduction in active site
density is appreciable relative to the exposed area of the disk,
this would be observed as an increase in the K–L slope (eq 3,
i.e., inversely proportional to the diffusion limited current).
Thus, one possible explanation of the voltage-dependent K–L
slope is that the cobalt surface changes over the course of the
measurement. Such a change may also depend on the nature
of the cation, and the density of active sites impacts interpreta-
tion of calculated kinetic rates.

3.4. Interrogating Surface Oxidation Processes

To investigate the ability of cobalt to undergo redox events at
the electrochemical potentials considered, we performed oper-
ando XAS at the cobalt K-edge on Co nanoparticles for greater
surface sensitivity (further details are in the ESI). Changes in
the X-ray absorption near-edge structure (XANES) aid in quan-
tifying the oxidation state, and changes in the extended X-ray
absorption fine structure (EXAFS) inform on the local coordi-
nation environment. At reducing potentials of –0.37 V vs
RHE where NO3RR is often measured, cobalt is dominated
by the metallic state in both Li+- and K+-containing electrolytes
(Figure 5b). However, at +0.3 V vs RHE, selected as a fixed
value near the observed open circuit potential (OCP,
Figure 5. (A and C) Cobalt RDE at 400 rpm for (A) 5mMMNO3 in 0.138 M
HCl-cleaned Co disk, dashed line: after CA hold at OCP (0.3 V vs RHE) f
reverse sweep of a 10 mV/s CV is presented, along with the standard devi
D) Co K-edge XANES collected under operando conditions during the NO3R
tial are shown here; further details are in the ESI. (B) XANES at –0.37 V vs R
(orange) containing electrolyte. (D) Magnitude of the Fourier transforms (FT
represent corresponding EXAFS data at +0.3 V vs RHE, and the solid lines

E

Figure S10), extensive oxidation in ∼25 nm particles is
observed (Figure 5b).
The changes in the local coordination environment and spe-

ciation of Co at different applied potentials are evident from the
differences in the R-space peaks in the magnitude of the
Fourier-transformed (FT) EXAFS (Figures 5d and S11).
Based on linear combination fitting (LCF) analysis of the
XANES spectra, we find that the Co is oxidized to greater
extents in K+-containing electrolyte compared to Li+ at
+0.3 V vs RHE, and the local coordination environment con-
tains a greater amount of CoOOH, whereas Li+ has a greater
contribution from Co(OH)2 (details of LCF are provided in
the ESI, Figure S12 and Table S7). Although these oxides are
eventually reduced under cathodic potentials (Figure S13), this
occurs over many minutes and suggests that oxidized sites at the
surface and/or subsurface may indeed be present during
NO3RR measurements, and to different extents, dependent
on the electrolyte cation identity.

3.5. The Role of Oxide on NO3RR and NO2RR Rates

To interrogate the role this oxidized phase may have on
NO3RR kinetics and site availability, we performed an initial
CV on an HCl-treated cobalt disk (minimizing oxidation) and
followed this by a hold at +0.3 V vs RHE (∼OCP), and another
CV to NO3RR conditions. In K+-containing electrolytes, the
kinetic- and mass transfer-limited cathodic currents are reduced
slightly following the +0.3 V vs RHE hold, whereas in Li+-con-
taining electrolytes, both regions of the CV are notably pro-
moted (Figure 5a).
The ability of NO3

– to oxidize a metallic Co surface is antic-
ipated, given the difference in formal potentials for NO3

–/NO2
–

and Co/Co(II) redox.33 Indeed, spontaneous redox has been
MOH (M = K+, Li+), (C) 5 mM KNO2 in 0.138 M KOH; solid line:
or 3 min 10 s. The average current measured during the forward and
ation as a shaded bar from three independent measurements. (B and
R process on Co nanoparticles. The steady state spectra at each poten-
HE (solid) and OCP (+0.3 V vs RHE, dashed) in K+-(blue) and Li+-
s) of k2-weighted EXAFS spectra in different electrolytes. Dashed lines
are from ex situ reference compounds.
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Figure 6. K–L analysis of Co disk with HCl pretreatment (solid circles and lines) and following an OCP hold (open squares and dashed lines) for
5 mM MNO3 (or KNO2) in 0.138 M MOH, where M = K+ (blue) or Li+ (orange). A) Log of the average kinetic current density jk and B) average
K–L slope.
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suggested as the mechanism of NO3
– adsorption during

NO3RR on Co.17,33 However, the involvement of a facile chem-
ical step is surprising given the fact that the onset of sustained
kinetic current from NO3RR is more than 100 mV more
cathodic than for NO2RR (Figure 5c), and the kinetic current
for NO2RR is approximately an order of magnitude greater
(Figure S14). This observation suggests that the potential deter-
mining step for NO3RR is prior to the formation of NO2* on
the surface. Of further surprise is the fact that the NO2RR with
K+ is promoted by a potential hold at ∼OCP (+0.3 V vs RHE),
where XAS again indicates extensive oxidation of cobalt
(Figure S15). This promotion of NO2RR following a hold at
+0.3 V vs RHE is also observed in Na+-containing electrolyte
(Figure S16).

We next disentangle kinetic- and mass transport-limited
currents via Koutecky–Levich analysis for Co following a hold
at ∼OCP (+0.3 V vs RHE) where spontaneous redox occurs.
Indeed, NO3RR kinetic current is enhanced for Li+-contain-
ing electrolytes, but suppressed in K+ electrolytes
(Figure 6a). However, the kinetic current in K+ is still ∼2x
larger. In contrast to the (initially) metallic surface (solid
markers and lines), the Koutecky–Levich slope (reflecting
mass transport limitations controlled by the thickness of the
stagnant layer) is potential independent following OCP pre-
treatment (Figure 6b, open markers and dashed lines), sug-
gesting that the (partially) oxidized surface is kinetically
stabilized. The K–L slope (eq 3) remains higher in Li+- versus
K+-containing electrolyte, consistent with a smaller C*
(unphysical), smaller effective surface area, and/or a smaller
effective diffusion coefficient.

As discussed above, the smaller solvated radius of K+ is con-
sistent with a higher electric field strength than with Li+,50 and
the ∼2x higher Deff we measure with K+ vs Li+ (Table S2) may
arise from a combination of a slightly higher diffusion coeffi-
cient of NO3

– combined with a lower transference number for
electrolytes with K+.25 However, the local field strength51 and
driving force for anion adsorption can both be influenced by
the surface charge, dependent on the extent of (dynamic) oxida-
tion. The potential of zero charge is generally lower for cobalt
oxides than cobalt metal in alkaline media,52,53 suggesting that
a less negative surface charge of oxidized surfaces could indeed
benefit mass transport of nitrate to the surface. This draws sim-
ilarities to the electroreduction of the anion peroxodisulfate,
suppressed when the surface is negatively charged.54 The
greater extent of oxidation observed by XAS in K+-containing
F

electrolyte may then also contribute to the higher mass
transport-limited currents in comparison to Li+-containing elec-
trolytes via an electrostatic promotion of adsorption at nearby
reduced metal centers. We note that the NO3RR Tafel slope
is reduced following an OCP hold (∼125 mV/decade vs
∼195 mV/decade) regardless of cation identity (Table S8), also
found for HER (Figure S9).

3.6. Implications on NO3RR and NO2RR Mechanistic
Understanding

The trends in both kinetic- and mass transport-limited currents
with persistent (hydr)oxides in NO3RR and NO2RR give addi-
tional mechanistic insight into likely rate-determining steps. We
highlight that (1) NO3RR is favored with intentional oxidation
for Li+ but not K+, and (2) NO2RR is favored with intentional
oxidation for K+ but not NO3RR. One possible explanation for
this finding is that nitrate (and nitrite) adsorption at more
cathodic potentials is promoted by the coexistence of metallic
and oxidized Co sites, making the surface charge less nega-
tive/stabilizing water deprotonation. Here, oxidized sites pro-
mote nitrate and nitrite adsorption via modulation of surface
charge but ultimately reduce the number of active sites involved
in the reaction, whereas in situ-generated reduced active metal-
lic Co sites promote site utilization for NO3RR. Optimizing
these two effects is crucial to observe higher NO3RR rates.
For NO3RR in K+, the rate-determining step may be the regen-
eration of active (metallic) sites for NO3

– adsorption, whereas
Li+ may promote dynamic surface reduction to greater extents,
meriting further study.

4. CONCLUSIONS

We isolate the impact of cation identity on two important
aspects of NO3RR—kinetics and mass transfer—which have
been consistently convoluted in reports of NO3RR “activity”
to date. Surprisingly, we find that the mass transfer-limited cur-
rent is ∼2-fold greater for K+- vs Li+-containing electrolytes, a
difference that does not persist in considering outer-sphere elec-
tron transfer reactions or for neutral inner-sphere reactants.
Accounting for this, however, the kinetic current is still 2–3x
greater in K+- vs Li+-containing electrolytes. Calculations show
that cations can stabilize the adsorption of NO3

–, and, to greater
extents, for K+. A higher electric field strength for K+ can also
explain the higher rates of reduction for polar rate-
determining intermediates in the NO3RR, and a similarly
https://doi.org/10.1021/acscatal.6c02764
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higher rate is observed for K+ vs Na+ in NO2RR. Inseparable
from this picture of the electrical double layer, however, is the
ability of NO3

– to oxidize Co during adsorption occurring more
extensively with the K+-containing electrolyte. This oxidation is
expected to promote NO3

– transport to and adsorption on the
surface from the electrostatic perspective, but fundamentally
reduces the number of metallic active sites available for NO3

–

adsorption. These findings indicate that cation identity plays
an additional unique role for NO3RR in alkaline media by con-
trolling the rates of reducing surface oxides in a dynamic pro-
cess enabling adsorption of the NO3

– anion at such reducing
potentials, otherwise unexpected from an electrostatics
perspective.
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