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ABSTRACT 18 

The electrochemical nitrate reduction reaction (NO3RR) can facilitate remediation of nitrate-19 

polluted wastewater and sustainable production of ammonia. As an important component of the 20 

reaction microenvironment, the interfacial electrolyte substantially influences NO3RR but remains 21 

underexplored. Mass transport modifies the interfacial electrolyte properties (e.g., pH, solute 22 

concentrations) and thus regulates NO3RR activity and selectivity. In a representative flow-cell 23 

configuration with a titanium NO3RR electrode, we systematically controlled mass transport 24 

conditions and demonstrated their impacts on NO3RR performance. With continuum model 25 

simulation and in situ infrared absorption spectroscopy, we characterized the interfacial electrolyte 26 

environment under varied mass transport conditions. Furthermore, we strategically tuned the 27 

interfacial electrolyte properties and experimentally deconvoluted their impacts on NO3RR 28 

activity and selectivity. We found that diffusion layer thickness and background electrolyte 29 

concentration govern NO3RR activity, while interfacial pH steers NO3RR selectivity. Inspired by 30 

these findings, we applied pulsed potential to periodically refresh the interfacial electrolyte 31 

environment and lower the local pH, successfully tripling the relative ammonia-to-nitrite 32 

selectivity. Distinct from NO3RR studies that focus on reaction kinetics, this study was conducted 33 

under commonly observed mass transport limitations to advance mechanistic understanding 34 

behind mass transport effects and to help identify engineering opportunities that optimize ammonia 35 

production. 36 

37 
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INTRODUCTION  38 

Anthropogenic activities have imbalanced the global nitrogen cycle via large-scale Haber-Bosch 39 

ammonia manufacturing. The removal of reactive nitrogen species (all inorganic forms besides 40 

dinitrogen) has fallen far behind their production, leading to heavy environmental burdens and 41 

continuous losses from the nitrogen economy. As the most prevalent waterborne reactive nitrogen 42 

pollutant, excessive nitrate (NO3
–
) jeopardizes both human and ecosystem health.1–7 Meanwhile, 43 

the reactive nature of nitrate presents a promising opportunity to transform it into other value-44 

added nitrogen products via the electrochemical nitrate reduction reaction (NO3RR). One 45 

representative product is ammonia (NH3), a widely used commodity chemical, green energy carrier, 46 

and fertilizer component. By leveraging renewable energy, electrochemical NO3RR enables 47 

nitrate-polluted water remediation and sustainable ammonia production. Distributed 48 

electrochemical NO3RR can reduce transportation costs embedded in traditional centralized 49 

wastewater treatment and chemical manufacturing, and help address spatial and temporal 50 

imbalances in the nitrogen cycle.8–10 51 

 52 

In ongoing efforts to improve activity and ammonia selectivity of electrochemical NO3RR, 53 

researchers have mainly focused on improving electrocatalysts. However, it has been increasingly 54 

recognized that the reaction microenvironment, which contains both the electrocatalyst and the 55 

interfacial electrolyte between the electrocatalyst and the bulk electrolyte, directly influences 56 

electrocatalytic reduction reactions (e.g., carbon dioxide reduction reaction, CO2RR; oxygen 57 

reduction reaction, ORR; hydrogen evolution reaction, HER).11–20 Specifically, the interfacial 58 

electrolyte is composed of a compact electrical double layer (EDL) that extends a few nanometers 59 

away from the electrode surface, and a diffusion layer that spans up to a few hundred microns into 60 

the bulk electrolyte.21 As the immediate environment where reactions take place, the interfacial 61 
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electrolyte physicochemical properties (e.g., electric potential, pH, solute concentrations) may 62 

differ drastically from the bulk.11,17,22 Among these properties, electric potential serves as the 63 

thermodynamic driving force for electrode reactions, and pH indicates the abundance of proton 64 

sources, both of which influence reaction activity and selectivity. In terms of ionic solutes, 65 

coexisting anions (e.g., Cl–, SO4
2–

) can compete with reactant nitrate for surface sites and affect 66 

activity; and cations (e.g., Na+, K+) are known to interact with reaction intermediates, as well as 67 

modify the interfacial electric field and pH, thus influencing activity and selectivity.13,23,24 68 

Although the effects of bulk electrolyte properties on electrochemical NO3RR have been 69 

reported,5,25–27 few studies have explicitly investigated the interfacial electrolyte environment 70 

during reaction,28 much less its impacts on NO3RR activity and selectivity. This gap in 71 

understanding is largely due to the micron-scale and dynamic nature of the interfacial electrolyte 72 

environment, which makes it inherently challenging to probe experimentally.15,16,22 To this end, 73 

computational simulations using continuum models have shown promise as a high-fidelity, 74 

computationally efficient approach to describe interfacial electrolyte properties.29–32   75 

 76 

Although their physicochemical properties differ, the interfacial and bulk electrolytes are bridged 77 

by mass transport phenomena. During electrochemical NO3RR, the anionic reactant nitrate must 78 

travel against the electric field generated by the often negatively charged electrode and specifically 79 

adsorb to the electrode surface. A broad, multiphase portfolio of products can be generated at the 80 

electrode (e.g., hydroxide ions, nitrite, dinitrogen, ammonia), many of which can undergo 81 

homogeneous acid–base reactions and in turn influence the interfacial electrolyte environment.33 82 

Meanwhile, HER competes with NO3RR and contributes to modifying the interfacial electrolyte 83 

environment. Because mass transport governs the supply of reactant and dissipation of products, 84 
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it influences interfacial electrolyte properties that impact the activity of NO3RR and concurrent 85 

HER, as well as the selectivity of NO3RR (altogether referred to here as NO3RR performance). In 86 

both fundamental studies and large-scale applications, mass transport often limits NO3RR 87 

activity,9,34and was found to impact NO3RR selectivity.35,36 However, current understanding of 88 

their underlying mechanisms remains insufficient for informing process engineering. More 89 

broadly, several characteristics of NO3RR make it a suitable “model reaction” to study mass 90 

transport effects in electrocatalytic reduction reactions: (1) improved control of reactant speciation 91 

and concentration, compared to e.g., CO2RR (CO2(g) vs. CO2(aq) vs. H2CO3(aq))35–40;  (2) enhanced 92 

opportunities to investigate reaction selectivity, compared to e.g., HER; and (3) sufficient but not 93 

prohibitive complexities for computational simulations. Therefore, we purposely imposed (rather 94 

than minimized, as required in reaction kinetic studies) the mass transport limitation to elucidate 95 

mass transport effects in NO3RR. We systematically controlled the extent of mass transport and 96 

investigated: (1) how mass transport influences NO3RR performance, (2) how mass transport 97 

modulates the interfacial electrolyte environment, and (3) how properties of the interfacial 98 

electrolyte environment impact the reaction activity and selectivity.  99 

 100 

Recognizing the pivotal role of the interfacial electrolyte environment, we approached the mass 101 

transport effects from a microscopic perspective by combining electrochemical experiments, 102 

continuum model simulations, and spectroscopic characterizations. We conducted electrochemical 103 

experiments in a representative and translational membrane-separated flow cell, using planar 104 

polycrystalline titanium (Ti) foil as a generic NO3RR electrode. We imposed the mass transport 105 

limitation with a sufficiently negative applied potential; by varying the electrolyte flow rate, we 106 

tuned the extent of mass transport and evaluated its influence on NO3RR performance. A 107 
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diffusion–migration–reaction model (generalized-modified Poisson–Nernst–Planck, GMPNP) 108 

was employed to simulate the interfacial electrolyte properties and illustrate their dependence on 109 

mass transport. Using experimental electrochemical data as model inputs, spatial profiles of 110 

electric potential and species concentration under the investigated flow conditions were resolved. 111 

Informed by this descriptive model, we further deconvoluted effects of interfacial pH and 112 

background electrolyte concentration by conducting flow cell experiments under varied bulk 113 

electrolyte properties and measuring in situ pH with the aid of attenuated total reflectance–surface-114 

enhanced infrared absorption spectroscopy (ATR–SEIRAS). We found that enhanced mass 115 

transport promotes NO3RR activity by promoting the diffusion of nitrate, but lowers ammonia 116 

selectivity by increasing the interfacial pH, exhibiting an activity–selectivity trade-off. Situated in 117 

NO3RR, this study illustrates microscopic mechanisms of mass transport effects, and also provides 118 

broadly applicable insights on the role of mass transport in defining the reaction microenvironment 119 

in energy-relevant electrocatalytic reduction reactions. 120 

 121 

METHODS 122 

Electrochemical nitrate reduction experiments and product analysis 123 

All electrochemical NO3RR experiments were conducted in a custom airtight system consisting of 124 

a two-chamber membrane-separated flow cell and an electrolyte reservoir, unless otherwise 125 

specified. The electrolyte was recirculated between the electrochemical flow cell and the 126 

electrolyte reservoir; the electrolyte flow rate was controlled by peristaltic pumps (Fig. S1 in 127 

Supporting Information, SI). A three-electrode configuration was always employed, consisting 128 

of a Ti working electrode (5.4 cm2 geometric area), a platinum counter electrode, and a Ag/AgCl 129 

reference electrode; all potentials were converted to the reversible hydrogen electrode (RHE) scale 130 
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using the initial measured bulk pH. A cation exchange membrane (Nafion) separated the working 131 

and counter electrode chambers. All electrochemical experiments were conducted using 85% IR 132 

compensation, and all current densities reported were based on geometric electrode area.  133 

 134 

For each NO3RR experiment, identical electrolytes were added to the working and counter 135 

electrode chambers. Before and after each experiment, electrolytes from both chambers were 136 

sampled for pH measurement and aqueous product analysis. Nitrate and nitrite concentrations were 137 

quantified using anion chromatography, and ammonia concentration was quantified using 138 

spectrophotometric flow injection analysis.41 Because homogeneous acid–base equilibria exist in 139 

the electrolyte, we reported the sum concentrations of conjugate acid–base pairs: nitrite refers to 140 

the sum of nitrite and nitrous acid, and ammonia refers to the sum of ammonia and ammonium. 141 

Gaseous products (H2 and N2) were analyzed by in-line gas chromatography. N2 was not detected 142 

with a lower detection limit of 50 ppm (corresponding to 0.091 mA/cm2 partial current density). 143 

Complementary experimental details are given in SI Section S1.1–1.2. 144 

 145 

For each NO3RR reaction condition (listed in Table S3), triplicate experiments were performed, 146 

and the average and standard deviation were shown for all reported values. For all liquid samples 147 

from each NO3RR experiment, triplicate measurements were conducted, and the average was used 148 

in calculating performance metrics. Total and product partial current densities, time-averaged 149 

nitrate removal rate, Faradaic efficiency (FE), and nitrogen selectivity (N-selectivity) were used 150 

as key metrics to assess NO3RR performance (definitions in SI Section S1.3). Control experiments 151 
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were conducted to confirm negligible contamination and detection noise in ammonia production 152 

(SI Section S1.8). 153 

 154 

Continuum model summary 155 

To simulate interfacial electrolyte properties under NO3RR reaction conditions, we adapted the 156 

GMPNP originally developed for CO2RR,29 because of several advantages: (1) the continuum 157 

treatment of the electrolyte circumvents the prohibitively high computational cost of ab initio 158 

simulations for regions larger than the nanometer scale, (2) the inclusion of migration enables the 159 

reconstruction of the EDL and illustrates how different time scales govern bulk and interfacial 160 

phenomena, which the reaction–diffusion model fails to capture, and (3) the inclusion of solvated 161 

species sizes to the PNP model facilitates derivation of physically relevant concentration profiles 162 

(i.e., below the steric limit).29–32 163 

 164 

The physical regions simulated in the GMPNP model are depicted in Fig. 2a. This descriptive 165 

model simulated the time-dependent, one-dimensional electric potential and species concentration 166 

profiles outside of the outer Helmholtz plane (OHP). The reactive transport of species within the 167 

simulation zone was calculated via the generalized-modified Nernst–Planck equations, the 168 

potential was treated with the Poisson equation, and the two sets of equations were solved self-169 

consistently using the continuity equation. Primary reactions and model parameters are 170 

summarized in SI Section S2.1, and the governing equations were non-dimensionalized to improve 171 

numerical stability and computational efficiency. We used Dirichlet boundary conditions for the 172 

potential to be an integer multiplier of the thermal voltage referenced to the potential of zero charge 173 
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(PZC) of the electrode at the OHP, as well as for species concentrations at the right-hand boundary 174 

at the diffusion layer edge. The DFT-calculated PZC of the most likely surface species under 175 

reaction conditions, TiH2, was used (–0.9 VRHE).42  To simulate interfacial electrolyte properties 176 

under varying mass transport conditions, the corresponding equivalent diffusion layer thickness, 177 

𝛿𝑒𝑞𝑣 , and product partial current densities from NO3RR experiments were used as Neumann 178 

boundary conditions at the OHP (Fig. S10 and Table S8). 179 

 180 

The simulation time was chosen to be sufficient to fully establish the EDL (i.e., charge density 181 

within the EDL converged, the potential profile was unchanging, and concentration of all ionic 182 

species change within 0.1% between timesteps). Because of the right-hand Dirichlet boundary 183 

conditions, a true steady state is difficult to achieve, and we refer to this condition as “pseudo-184 

steady state”(SI Section S2.3). As demonstrated by Bohra et al., the autoionization of water is out 185 

of equilibrium within the EDL (i.e., [H+]∙ [OH
–] ≠ KW, 1.01×10–14 at 25 ℃),29 likely due to the 186 

neglected ion-ion interactions beyond steric effects within the GMPNP equations and the pseudo-187 

steady-state condition within our simulations. Therefore, we defined pH-equivalent (Eqn. S28) to 188 

quantitatively describe the interfacial electrolyte environment, which converts the relative 189 

abundance of H+ and OH– into a value equivalent to the classical pH value under the same 190 

condition. Limitations of the GMPNP models are also discussed in SI Section S2.4.  191 

 192 

Local pH measurement using ATR–SEIRAS 193 
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We used attenuated total reflectance−surface-enhanced infrared absorption spectroscopy (ATR–194 

SEIRAS) to measure the interfacial pH under NO3RR conditions. Because Ti does not exhibit the 195 

surface enhancement effect,43 a thin layer of copper (Cu, < 100 nm) was deposited onto a 196 

germanium crystal for use as the working electrode in ATR–SEIRAS experiments in a custom 197 

single-chamber, three-electrode electrochemical cell. In situ pH measurements were performed in 198 

acidic and neutral phosphate buffer electrolytes during chronoamperometry experiments, and the 199 

local pH was determined using a ratio of peak areas from the phosphate species (calibration range 200 

pH 1–13.5). Details on the ATR–SEIRAS cathode fabrication, pH calibration, and in situ pH 201 

measurement are given in SI Section S1.9. 202 

 203 

RESULTS AND DISCUSSION  204 

How does mass transport influence the activity of NO3RR and HER and the selectivity of 205 

NO3RR? 206 

To systematically examine mass transport effects in NO3RR, we first quantified the dependence 207 

of mass transport conditions on flow conditions. We used a flow cell to enable facile product 208 

quantification under varying mass transport conditions and to provide translational insights 209 

towards continuous-flow implementation. Flow cell results were related to rotating disk electrode 210 

(RDE) experiments using an equivalent diffusion layer thickness measured at a series of electrolyte 211 

flow rates (see SI Section S1.4). As expected, 𝛿𝑒𝑞𝑣 generally decreased with increasing flow rate 212 

(Fig. 1a). Although all flow rates studied corresponded to laminar flow, three distinguishable 𝛿𝑒𝑞𝑣 213 

regimes were observed: a drastic decrease in 𝛿𝑒𝑞𝑣 under low flow rates, a nearly constant 𝛿𝑒𝑞𝑣 214 

under medium flow rates, and a gradually decreasing 𝛿𝑒𝑞𝑣 under high flow rates, approaching 65 215 
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μm at the flow rate of 113 mL/min (maximum flow rate without causing electrolyte leakage). 216 

Notably, this highest accessible flow rate translates to an RDE rotation rate of below 50 RPM in a 217 

typical setup (15 mm disk outer diameter), highlighting that the flow cell facilitates investigation 218 

of mass transport conditions in the low-mixing region with higher resolution than RDE. Five 219 

electrolyte flow rates (flow rates I to V, from 11.5 to 101.5 mL/min, Table S1) spanning all three 220 

regimes were thus applied in NO3RR experiments.  221 

 222 

We isolated the effects of mass transport by keeping several parameters constant across our 223 

experiments, including the NO3RR electrocatalyst, initial nitrate concentration, background 224 

electrolyte, and applied potential. Polycrystalline Ti was used as a generic NO3RR electrocatalyst 225 

because of its appreciable NH3 selectivity, abundance, moderate cost, and corrosion resistance.25,42 226 

We used 10 mM nitrate to reflect our application goal of treating dilute nitrate-polluted feedstocks 227 

(e.g., municipal wastewater, agricultural runoff) as opposed to the wide range of  commonly used 228 

nitrate concentrations in NO3RR literature (0.1–1.0 M; see  SI Section S1.5).4,9,44 The background 229 

electrolyte was fixed as NaClO4 (with varied concentrations) to leverage a weakly adsorbing anion 230 

(ClO4
–
) that minimizes surface site blocking,45,46 and a common wastewater cation (Na+) with 231 

moderate ion size and acidity to represent cation effects.23,47 We performed potentiostatic 232 

experiments at a sufficiently negative value (–1.0 VRHE, see SI Section S1.7) where NO3RR is not 233 

kinetically limited under the five designated flow rates. We first examined the flow rate 234 

dependence of NO3RR performance (i.e., activity of NO3RR and HER and selectivity of NO3RR) 235 

in 1 M NaClO4 + 10 mM HNO3 electrolyte (referred to as the concentrated background). To 236 

prevent the possible influence of electrolyte flow rate on reaction progress,48,49  a fixed 237 
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recirculation event number was used across different flow rates (i.e., reaction duration inversely 238 

proportional to flow rate, Table S9).  239 

 240 

NO3RR activity, as captured by the time-averaged nitrate removal rate, generally increased with 241 

increasing flow rate (Fig. 1b). This activity trend confirmed that NO3RR was subject to mass 242 

transport limitations under this applied potential across all five flow rates. Under a higher flow 243 

rate, a thinner diffusion layer posed less mass transport resistance, leading to a faster delivery of 244 

reactant to the electrode surface and a higher reaction rate. We further confirmed that NO3RR 245 

activity was limited by the mass transport of nitrate (with experiments using an elevated nitrate 246 

concentration, SI Section S3.1.2). In contrast to the monotonic trend of NO3RR activity with 247 

respect to flow rate, the activity of the competing HER (captured by the H2 partial current density) 248 

did not show clear flow rate dependence (Fig. S14). Combined with cyclic voltammetry features 249 

(Fig. S5), this independence indicated that water reduction was the main HER mechanism under 250 

the applied potential (–1.0 VRHE) because the concentration of reactant water was not affected by 251 

mass transport conditions. Additionally, despite operation at a very negative potential and a dilute 252 

nitrate concentration (10 mM), HER only comprised at most 14% FE (Fig. 1c). Because NO3RR 253 

dominated, the total current density followed the same monotonic trend with flow rate as nitrate 254 

removal rate. 255 

 256 

For NO3RR selectivity, two observations were shared across all flow rates (Fig. 1d). First, nitrite 257 

and ammonia accounted for almost all NO3RR products (combined N-selectivity approximately 258 

100%. Second, nitrite was the majority nitrogen product (i.e., N-selectivity
NO2

– > 50%). However, 259 
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the distribution between the two nitrogen products (N-selectivity
NH3

/N-selectivity
NO2

– , magenta 260 

symbols in Fig. 1d), changed slightly with flow rate, with NO3RR favoring ammonia more under 261 

the lowest flow rate than under the highest flow rate. Because nitrite is a reaction intermediate in 262 

the reduction of nitrate to ammonia, we conducted long-duration experiments (250 min, SI Section 263 

S3.1.3) and confirmed that the observed N-selectivity trend held and was independent of the 264 

reaction time (Fig. S18). Taken together, the flow rate dependence of NO3RR selectivity implied 265 

that the interfacial electrolyte environment was modified by mass transport and in turn influenced 266 

further reduction from nitrite to ammonia. Experiments were repeated under all five flow rates for 267 

a fixed reaction duration of 30 min, and similar activity and selectivity trends were established (SI 268 

Section S3.1.4). We therefore kept the reaction time as 30 min in subsequent potentiostatic 269 

experiments.  270 

 271 
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 272 

Fig. 1 Experimental demonstration of mass transport effects in NO3RR. (a) Empirically 273 

determined equivalent diffusion layer thickness as a function of electrolyte flow rate. Three distinct 274 

regimes are segmented by dashed lines. Flow rates applied in electrochemical NO3RR experiments 275 

are highlighted in magenta. Detailed values are tabulated in Table S1. (b) Absolute value of total 276 

current density (left axis) and time-averaged nitrate removal rate (right axis), (c) Faradaic 277 

efficiency, and (d) N-selectivity (left axis) and ammonia to nitrite N-selectivity ratio (magenta 278 

squares, right axis) as functions of the electrolyte flow rate. Potentiostatic experiments were 279 

conducted in 1 M NaClO4 + 10 mM HNO3, at –1.0 VRHE for 90 recirculation events (experiment 280 
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durations in Table S9). Error bars represent ± one standard deviation. Error bars on N-selectivity 281 

ratios are given in Fig. S15. 282 

 283 

How does mass transport modulate the interfacial electrolyte environment? 284 

Elucidating experimentally observed effects of mass transport on NO3RR performance requires a 285 

microscopic perspective of the interfacial electrolyte environment. We adapted the GMPNP model, 286 

which has successfully described CO2RR in non-dilute electrolyte (>10 mM),29 to characterize the 287 

interfacial electrolyte environment outside of the OHP under NO3RR conditions. The empirically 288 

determined diffusion layer thickness and product partial current densities from potentiostatic 289 

NO3RR experiments in the concentrated background (Fig. 1) were used as model inputs. GMPNP 290 

simulations output the spatial distribution of electric potential, background electrolyte species, 291 

NO3RR reactants and products, and pH-equivalent at pseudo-steady state under the flow rates 292 

studied (model details in Methods). 293 

 294 

Moving from the OHP to the bulk, the simulated electric potential logarithmically extinguishes to 295 

zero within approximately 2 nm (Fig. S21a, b), which corresponds to the diffuse layer. Within the 296 

same region, the background cation (Na+) concentration decays from 4.3 M (the steric limit) to its 297 

bulk value of 1 M (Fig. 2b). The aggregation of cations at the OHP is due to their electrostatic 298 

attraction to the cathode and has been observed both computationally13,50,51 and experimentally.52 299 

The resultant high local cation concentration can substantially impact reaction activity and 300 

selectivity by interacting with reaction intermediates or modifying the interfacial electric field and 301 

pH;13,23,24,27,53 however, their putative molecular mechanisms cannot be explicitly simulated using 302 
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the GMPNP model alone. Nevertheless, the fact that Na+ concentration profiles do not differ 303 

appreciably across all flow rates (Fig. S21c, d) suggests that the aggregation of Na+ influences 304 

NO3RR similarly across mass transport conditions. Converse to Na+, the background anion (ClO4
–
) 305 

concentration is lower in the EDL than in the bulk due to electrostatic repulsion and does not 306 

change with flow rate (Fig. S22a, b). With much higher bulk concentrations than other ionic 307 

species, Na+ and ClO4
–
 are the major constituents of the EDL. From the bulk to the OHP, the nitrate 308 

concentration first declines gradually in the diffusion layer and then drops sharply by an order of 309 

magnitude within the EDL (Fig. 2b, Fig. S22c), due to its consumption during NO3RR and 310 

electrostatic repulsion with the cathode (similar to ClO4
–
). Although the GMPNP model does not 311 

describe the region within the OHP, the near-complete depletion of nitrate in the diffuse layer 312 

rationalizes the observation that NO3RR is subject to mass transport limitations for nitrate. 313 

 314 

The experimentally observed basification phenomenon is also reproduced in GMPNP simulations. 315 

The pH-equivalent profile exhibits a non-monotonic trend traversing simulated regions (Fig. 2c): 316 

within the diffuse layer, the pH-equivalent is the lowest at the OHP, suggesting that the 317 

electrostatic repulsion of OH– outweighs its production in both heterogeneous and homogeneous 318 

reactions; beyond the relative maximum at ca. 2 nm outside the OHP, the pH-equivalent decreases 319 

to its bulk value in the diffusion layer. Under higher flow rates, the pH-equivalent profile is 320 

uniformly higher across all simulated regions. Although simulated pH-equivalent values do not 321 

equal actual pH values under input reaction conditions due to the pseudo-steady-state assumption, 322 

a clear trend is established: a higher flow rate generates a more alkaline local environment, 323 

suggesting that the intensified production of OH– outpaces its intensified dissipation. Because the 324 
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trends for pH-equivalent and N-selectivity
NH3

/N-selectivity
NO2

– coincide, we hypothesized that the 325 

interfacial pH mediates the distribution between the two nitrogen products. 326 

 327 

In addition to OH–, many nitrogen products from NO3RR, including NH4
+  and NO2

–
, can also 328 

modify the interfacial electrolyte environment by buffering the pH and constituting the EDL. 329 

However, on the timescale of our GMPNP simulations, we found that such modifications 330 

introduced by nitrogen products are likely to be insignificant. First, the diffusive driving force 331 

shortens the residence time of NH4
+ and NO2

–
 in the EDL before being transported into the diffusion 332 

layer, and their homogeneous acid-base equilibria during the short stay are outpaced by the 333 

production of OH– in NO3RR, leading to little buffering effect in the EDL region. Second, 334 

concentrations of NH4
+ and NO2

–
 and their conjugate acid-base pairs, are orders of magnitude lower 335 

than those of the background ions, contributing negligibly to the EDL structure (Fig. S23–S24). 336 

The NH3/NH4
+ equilibria results in both NH4

+ and NH3 concentrations being O(10–4) M, whereas 337 

NO2
–
 is very nearly depleted (CNO2

–   ~O(10–6) M) because the equilibrium heavily favors HNO2 338 

formation (CHNO2
 ~O(10–4) M). Across different flow rates, nitrogen product concentration profiles 339 

exhibit the same trend as their corresponding partial current densities. Essentially, we viewed the 340 

simulated nitrogen product profiles as the consequence, rather than the cause, of the experimentally 341 

observed NO3RR performance. 342 

 343 

To summarize, GMPNP simulations reproduced the interfacial electrolyte environment that 344 

exhibits a layered structure. With increasing electrolyte flow rate, the diffusion layer shrinks, 345 

enhancing the nitrate diffusion driving force and consequently the NO3RR activity. But the 346 



18 
 

compact EDL structure (size and composition) remains almost unperturbed, in line with the 347 

experimental observation that the NO3RR product portfolio was largely unaltered by the flow rate. 348 

Meanwhile, the interfacial environment becomes more alkaline due to the higher total current 349 

density, hypothetically shifting the NO3RR selectivity towards nitrite.  350 

 351 

 352 

Fig. 2 Computational simulation of interfacial electrolyte properties under different flow 353 

rates. (a) Schematic of the different mass transport regions simulated in the GMPNP model. The 354 
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EDL consists of Stern layer (also known as the Helmholtz layer, contains specifically adsorbed 355 

species) and the diffuse layer. The origin of the x-axis is located at the OHP. GMPNP simulated 356 

(b) profiles of Na+ concentration (left axis) and nitrate concentration (right axis) under flow rate 357 

V, and (c) profiles of pH-equivalent under flow rate I–V in the diffuse layer. All simulations were 358 

conducted in 1 M NaClO4 + 10 mM HNO3 at –1.0 VRHE, using electrochemical results from 359 

potentiostatic experiments with a fixed recirculation event number as inputs (same as Fig. 1). 360 

Complementary simulation results plotted at different distance scales and for other interfacial 361 

electrolyte properties are shown in SI Section S3.1.5. 362 

 363 

How do interfacial electrolyte properties influence NO3RR performance?  364 

Although GMPNP simulations add microscopic insights to the reaction microenvironment during 365 

NO3RR, they provide only hypotheses regarding the selectivity trend. On one hand, the flow rate 366 

dependence of pH-equivalent agreed with that of N-selectivity
NH3

/N-selectivity
NO2

–, indicating that 367 

interfacial pH mediates the nitrogen product selectivity. On the other hand, despite being unaltered 368 

by the flow rate, the extremely high interfacial Na+ concentration can also profoundly impact 369 

reaction mechanisms.13,23,24,27,53 Therefore, to examine hypotheses on the origin of mass transport 370 

effects on NO3RR selectivity, we sought to elucidate specific influences of interfacial pH and Na+ 371 

concentration. We intentionally tuned bulk electrolyte compositions to vary the interfacial 372 

electrolyte properties, and compared NO3RR performance under the same mass transport 373 

conditions. GMPNP simulations, ATR–SEIRAS measurements, and pulsed potential experiments 374 

were leveraged to explicitly identify contributions from different interfacial properties. 375 

 376 
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Background electrolyte concentration governs the NO3RR activity 377 

To investigate the influence of interfacial cation concentration on NO3RR performance without 378 

introducing another cationic species, we varied the background electrolyte concentration. With 379 

dilute feedstocks as our treatment targets, we investigated the scenario where the background 380 

electrolyte concentration was equimolar with the reactant nitrate (10 mM NaClO4 + 10 mM HNO3, 381 

referred to as the dilute background) at the same potential (–1.0 VRHE) and under flow rates II, III 382 

and V; complementary GMPNP simulations were performed to characterize the new interfacial 383 

electrolyte environment. Simulations revealed a similar accumulation of Na+ at the OHP, but the 384 

steric limit is not reached and the interfacial Na+ concentration is about 9 times lower than in the 385 

concentrated background (Fig. S25c). Furthermore, the dilute background dramatically changes 386 

the EDL structure. The EDL becomes more disperse, with the diffuse layer extending to ca. 10 nm 387 

from the OHP due to the lower total concentration of all ionic species. Due to equimolar HNO3 388 

and background electrolyte, NO3
–
 and H+ become more significant EDL constituents (Fig. S29). 389 

However, the interfacial pH-equivalent remains on the same order of magnitude and shows a 390 

similar flow rate dependence with that in the concentrated background (Fig. S27, higher local pH 391 

at higher flow rate). 392 

 393 

Despite this 9-times lower interfacial Na+ concentration, experimentally measured NO3RR 394 

selectivity was not significantly affected by the background electrolyte concentration. In the dilute 395 

background, nitrite remained the predominant nitrogen product across all flow rates (Fig. S32d) 396 

with similar N-selectivity
NH3

/N-selectivity
NO2

– to concentrated background experiments under the 397 

same flow rate (Fig. 3a). Given the substantial impacts cations could introduce to reaction 398 
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energetics (by modifying the electric field or interacting with reaction intermediates),23,24,47 this 399 

insensitivity of nitrogen product distribution to the interfacial Na+ concentration implied that on 400 

Ti, the further reduction of nitrite to various nitrogen products (including ammonia) is not 401 

controlled by intermediate adsorption energy.3,6 The experimentally observed insensitivity of 402 

nitrogen product distribution also suggested that potential pH-modifying effects from cations (e.g., 403 

hydrolysis of their solvation shells23) are not significant enough to shift NO3RR selectivity under 404 

mass transport limitations. 405 

 406 

Although the hypothesized cation effects on NO3RR selectivity were not observed, the NO3RR 407 

activity differed drastically between the dilute and concentrated background experiments.  Under 408 

the same flow rate, both the time-averaged nitrate removal rate (Fig. 3b) and total current density 409 

(Fig. S32a) in the dilute background were less than half of the values in the concentrated 410 

background. This greatly lowered NO3RR activity could not be completely explained by the loss 411 

of applied potential to the higher uncompensated solution resistance in the dilute background (i.e., 412 

Ohmic drop, SI Section S3.2.2). The activity difference was also not introduced by enhanced 413 

competition from HER (Fig. S32b), as was found in some CO2RR cases.31,54 Instead, combined 414 

adverse effects from a higher nitrate mass transport resistance (Fig. S30) and a lower interfacial 415 

Na+ concentration were likely accountable. Because the rate determining step (RDS) in NO3RR 416 

on most metals is the adsorption of nitrate and its ensuing reduction into nitrite,2,3,5,6 and cations 417 

can facilitate the RDS by forming ion pairs with nitrate27 or stabilizing intermediate states,23,24,51 418 

the significantly lower interfacial Na+ concentration could lower the NO3RR activity. 419 

 420 



22 
 

For dependence on the electrolyte flow rate, the dilute background shared similar trends with the 421 

concentrated background for both NO3RR activity and selectivity. Overall, these results suggested 422 

that while the background electrolyte concentration directly influences the EDL structure and 423 

governs the NO3RR activity, interfacial cation concentration is not the principal factor in 424 

determining the NO3RR selectivity. Thus, we speculated that the interfacial pH steers the NO3RR 425 

selectivity. 426 

 427 

 428 

Fig. 3 Background electrolyte concentration effects. Comparison of 30-min potentiostatic 429 

experiment (–1.0 VRHE) results in dilute (magenta, filled) and concentrated backgrounds (grey, 430 

unfilled), (a) ammonia to nitrite N-selectivity ratio, and (b) time-averaged nitrate removal rate as 431 

functions of electrolyte flow rate. Dilute background: 10 mM NaClO4 + 10 mM HNO3, 432 

concentrated background: 1 M NaClO4 + 10 mM HNO3. Asymmetric error bars in (a) come from 433 

propagating errors in ammonia and nitrite N-selectivity; error bars in (b) represent ± one standard 434 

deviation.  435 

 436 
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Interfacial pH steers the NO3RR selectivity 437 

To experimentally investigate how the interfacial pH influences NO3RR, we attempted to maintain 438 

the interfacial pH close to the bulk pH by adding phosphate buffer and varied the bulk pH by 439 

varying phosphate buffer compositions. We used three 0.5 M phosphate buffers with pH 1.7, 6.5, 440 

and 10.5 as electrolytes (referred to as acidic, neutral, and basic phosphate buffers, respectively), 441 

while keeping nitrate concentration constant (10 mM) and Na+  concentration as close to the 442 

concentrated background electrolyte as possible (compositions in Table S3). Potentiostatic 443 

experiments were conducted at the same applied potential (–1.0 VRHE) and under the intermediate 444 

flow rate III. Although the increase in the bulk pH after 30-min experiments was at most 1.3 units 445 

in all three buffers (Fig. S33a), in situ pH measurements demonstrated limited buffering effects of 446 

phosphate species on the interfacial pH.  447 

 448 

We leveraged the surface-sensitive feature of ATR–SEIRAS to measure in situ pH via phosphate 449 

speciation at the electrode-electrolyte interface under reaction conditions. By determining the ratio 450 

of phosphate species, ATR–SEIRAS probed the average pH in the first 5 to 10 nm of stagnant 451 

electrolyte43,55,56 from a Cu electrode under NO3RR conditions (see Methods).  Despite difference 452 

in cell configuration and NO3RR performance on Cu and Ti,36  ATR–SEIRAS experiments provide 453 

relatable insights that explain our experimental results on Ti. Under applied potentials more 454 

negative than –0.6 VRHE, the interfacial pH was much higher than the bulk pH (Fig. 4a); 455 

furthermore, the surge in the interfacial pH was nearly instantaneous upon the application of 456 

potential (Fig. S35). The local alkalinization was drastic enough that the interfacial pH exceeded 457 

12 under –1.0 VRHE  in the neutral buffer, aligning with previous observations.55 Nonetheless, the 458 

measured interfacial pH was consistently lower in the acidic buffer than in the neutral buffer under 459 
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the same applied potential. These in situ pH measurements revealed that, among flow-cell 460 

experiments, the interfacial pH was uniformly higher than the bulk pH and expected to follow the 461 

trend of acidic buffer < neutral buffer < basic buffer during NO3RR. Notably, the final bulk pH in 462 

the non-buffered concentrated background experiment (30 min, flow rate III) exceeded that in the 463 

basic buffer experiment. Thus, the interfacial pH in the non-buffered experiment was likely the 464 

highest, surpassing the basic buffer for the majority of the NO3RR duration.  465 

 466 

Building on this trend, we analyzed effects of the interfacial pH on NO3RR performance across 467 

flow-cell experiments in phosphate buffers and the non-buffered concentrated background. 468 

Strikingly, we found that HER outcompeted NO3RR to be the major electrode reaction in all three 469 

phosphate buffers (FEH2
 > 50%, Fig. S33c), with the H2 partial current density being two orders 470 

of magnitude higher than in the non-buffered electrolyte. This substantial enhancement of HER 471 

could result from two factors: (1) phosphate species act as buffers that lower the interfacial pH 472 

which increases the surface coverage of H(ads) and the thermodynamic favorability of H2 473 

formation42 and (2) phosphate species act as exogenous proton donors and contribute to HER 474 

through electrochemical deprotonation.57–59 Despite the likelihood of these qualitative 475 

explanations, we refrained from directly connecting HER activity with the interfacial pH. Because 476 

the identity and concentration of viable proton donors (e.g., H3O
+
, H2O, H3PO4, H2PO4

–
, HPO4

2–
) 477 

varied with the interfacial pH, it was not possible to identify the dominant HER mechanisms nor 478 

to further deconvolute contributions from the interfacial pH and proton donor speciation on HER 479 

activity. Nitrate removal rate was on the same order of magnitude across all three phosphate buffers 480 

and the non-buffered electrolytes (Fig. S33b), insensitive to both the interfacial pH and proton 481 

donor speciation. It could originate from two primary factors: (1) NO3RR activity was controlled 482 
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by mass transport conditions, which was kept constant across the four electrolytes compared, as 483 

confirmed by the monotonically increasing trend with the flow rate in the acidic buffer (Fig. S36) 484 

and (2) it is likely that the elementary step(s) that does not involve protons (e.g., nitrate adsorption, 485 

deoxygenation) controls the RDS of NO3RR on Ti,3,6,10,42 making it intrinsically less sensitive to 486 

the abundance or identity of proton donors compared to reactions where the RDS is controlled by 487 

proton-transfer (PT) or concerted proton-electron-transfer (CPET) steps.57 488 

 489 

In contrast, NO3RR selectivity varied profoundly across the compared electrolytes. Among the 490 

phosphate buffer experiments, the ammonia partial current density increased by about 2.5 times 491 

from basic to acidic buffers (Fig. S34, whereas the nitrite partial current density was not 492 

appreciably different). The observation of acidic conditions favoring ammonia production is 493 

consistent with studies on Ti and Cu,25,26 although our observations of interfacial pH add nuance 494 

to previous observations based solely on bulk pH. Additionally, a reaction pathway besides 495 

ammonia was facilitated in the basic buffer, signaled by an undetermined nitrogen product(s) 496 

comprising 60% of total N-selectivity (Fig. S33d). As for the nitrite to ammonia pathway, 497 

ammonia was substantially favored in all buffered electrolytes (Fig. 4b), with 498 

N-selectivity
NH3

/N-selectivity
NO2

– following the trend: acidic buffer > neutral buffer > basic buffer > 499 

1 (i.e., equimolar ammonia and nitrite produced) > non-buffered. Moving from acidic to basic 500 

buffers, as the interfacial pH increased, the N-selectivity ratio gradually approached that in the 501 

non-buffered system, which exhibited the highest interfacial pH. Similar trends between the 502 

interfacial pH and N-selectivity
NH3

/N-selectivity
NO2

– once again demonstrated that the interfacial 503 

pH is crucial to nitrogen product selectivity. However, like the complication in interpreting HER 504 
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activity, because the identity and concentration of viable proton donors differed in phosphate 505 

buffers, the proton donor speciation effects on NO3RR selectivity cannot be excluded.  506 

 507 

  508 

Fig. 4 Interfacial pH effects. (a) Absolute value of total current density (y-axis) and measured 509 

interfacial pH (color mapped background) as functions of applied potential in ATR–SEIRAS 510 

experiments on Cu electrodes, in acidic and neutral phosphate buffers. (b) Comparison of ammonia 511 

to nitrite N-selectivity ratios from 30-min potentiostatic (–1.0 VRHE) flow-cell experiments in 512 

phosphate buffer (filled) and non-buffered (unfilled) electrolytes. Insets: conceptual diagrams of 513 

corresponding cell configurations. Compositions of all electrolytes are given in Table S3. Error 514 

bars represent ± one standard deviation.  515 

 516 

Distinguishing the contribution of interfacial pH on selectivity requires techniques that regulate 517 

pH without introducing exogeneous proton donors. Therefore, we applied pulsed potential to 518 

periodically replenish the EDL, alleviate the accumulation of OH–,22,38,60 and create a less alkaline 519 
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interfacial pH environment during NO3RR. Pulsed potential experiments were conducted in the 520 

non-buffered, concentrated background electrolyte under flow rate III. The same cathodic potential 521 

(EC) of –1.0 VRHE was used, and the anodic potential (EA) was chosen as +0.6 VRHE, slightly below 522 

the open circuit potential. Symmetric pulse lengths were applied (∆𝑡𝑐= ∆𝑡𝐴= 10 s, Fig. 5a) that are 523 

long enough to fully establish the EDL under NO3RR conditions (SI Section S2.3), and the 524 

effective reduction reaction time was kept at 30 min. Drastically different FE and nitrogen product 525 

distribution were generated in pulsed potential experiments (Fig. 5b). In pulsed potential 526 

experiments, HER was substantially enhanced, with FEH2
 exceeding 50%; ammonia replaced 527 

nitrite as the dominant nitrogen product, and a 3.4-fold N-selectivity
NH3

/N-selectivity
NO2

– ratio was 528 

achieved. Without complications from proton donor speciation, this dramatic change in selectivity 529 

of NO3RR vs. HER and of ammonia vs. nitrite provided strong evidence that a lower interfacial 530 

pH primarily accounted for promoting HER and ammonia production in phosphate buffers.  531 

 532 

 533 
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 534 

Fig. 5 Pulsed potential experiments. (a) Pattern of applied pulsed potential (top) and current 535 

response (bottom). Pulsed potential experiments were conducted in 1 M NaClO4 + 10 mM HNO3, 536 

with EC = –1.0 VRHE, ∆𝑡𝐶 = 10 s, EA = +0.6 VRHE, ∆𝑡𝐴 = 10 s, and total experiment time of 60 min. 537 

(b) Comparison of Faradaic efficiency (left axis) and ammonia to nitrite N-selectivity ratio (grey 538 

squares, right axis) from pulsed potential and potentiostatic experiments under flow rate III. 539 

Compositions of all electrolytes are given in Table S3. Error bars in (b) represent ± one standard 540 

deviation. Error bars on N-selectivity ratios are given in Fig. S38. 541 

 542 

Combining the flow rate dependence of experimentally measured N-selectivity ratios with pH-543 

equivalent simulated by GMPNP and with in situ pH determined by ATR–SEIRAS, we concluded 544 

that the interfacial pH is the most likely mediator of mass transport effects on NO3RR selectivity: 545 

higher flow rate led to a higher interfacial pH, favoring nitrite production over ammonia. Because 546 

the applied potential was calculated using the initial bulk pH and kept the same throughout 547 
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potentiostatic experiments, a higher interfacial pH led to a lower effective potential during 548 

experiments, shifting the selectivity towards nitrite.11,42,61 It is still under debate whether the further 549 

reduction of nitrite to ammonia occurs through combination with pre-adsorbed H(ads) or through 550 

direct interaction with proton donors (hydronium ions or water in the absence of 551 

buffers).3,10,26,28,35,62 Regardless, a lower interfacial pH corresponds to a higher H(ads) coverage on 552 

the electrode surface and/or a higher proton donor concentration near the electrode, promoting the 553 

sequential protonation steps beyond nitrite to produce ammonia. Furthermore, we propose that the 554 

N-selectivity
NH3

/N-selectivity
NO2

– ratio acquired from post-experiment bulk phase analysis can be 555 

used as a readily accessible indicator of the interfacial pH. While the bulk pH after experiments 556 

under different flow rates differed significantly, the corresponding 557 

N-selectivity
NH3

/N-selectivity
NO2

–  ratios fell into the same regime (< 1), suggesting that the 558 

interfacial pH during NO3RR was similarly very alkaline for most of the reaction duration. This 559 

conclusion aligns with the earlier mentioned observation that water reduction was the main HER 560 

mechanism under all flow rates. Similarly, the interfacial pH in the dilute background is likely 561 

comparable with that in the concentrated background, whereas pulsed potential likely exhibits an 562 

intermediate interfacial pH between basic phosphate buffer and non-buffered potentiostatic 563 

experiments. We note that desorption of the reaction intermediate nitrite could also contribute to 564 

the N-selectivity change with flow rate, as has been noted on other electrodes with comparable 565 

dimensionless nitrite reduction rate constants and mass transfer coefficients.35 Although nitrite 566 

adsorbs favorably on Ti, it is possible that a higher flow rate promotes the nitrite desorption and 567 

thus hinders its subsequent reduction to ammonia, by providing a higher diffusion (away) driving 568 

force for nitrite or deprotonating the nitric acid produced to form the anionic nitrite that desorbs 569 

more easily from the electrode surface. Overall, these results underscore that the interfacial 570 
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electrolyte environment differs drastically from the bulk environment and can be engineered to 571 

optimize ammonia production.  572 

 573 

CONCLUSIONS  574 

In summary, we investigated how mass transport influences NO3RR performance and elucidated 575 

the underlying mechanisms on Ti. By varying the electrolyte flow rate, we systematically 576 

controlled the mass transport extent in a flow cell and demonstrated its influence on activity of 577 

NO3RR and HER, as well as selectivity of NO3RR. With continuum model simulations and ATR–578 

SEIRAS, we characterized the interfacial electrolyte properties and deconvoluted their impacts on 579 

experimentally observed mass transport effects. We concluded that the diffusion layer thickness 580 

and the interfacial cation concentration govern the NO3RR activity, whereas the interfacial pH 581 

steers the NO3RR selectivity. Informed by these fundamental insights, we propose engineering 582 

strategies to harness mass transport. NO3RR activity can be enhanced by increasing the mass 583 

transport extent and the background electrolyte concentration; ammonia selectivity can be 584 

improved by preserving a low interfacial pH, but at the cost of decreased nitrate removal rate or 585 

intensified competition from HER. In addition, we have demonstrated that pulsed potential is a 586 

powerful technique to tune the interfacial pH without changing the bulk electrolyte composition, 587 

which could help interrogate NO3RR mechanisms and optimize ammonia production.  588 

 589 

Although the interfacial cation concentration (0.5–4.3 M Na+ in this study) was not found to 590 

directly influence NO3RR selectivity, we recognize that cation identity could be impactful, as has 591 

been demonstrated in CO2RR.13,24,31,52 We also emphasize the need for improved understanding of 592 
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the identity and role of proton donors in NO3RR. In future studies, molecular-scale operando 593 

spectroscopic techniques (e.g., Fourier-transform infrared spectroscopy, Raman spectroscopy, 594 

laser scanning confocal microscopy) and multi-scale computational methods (e.g., GMPNP 595 

interfaced with ab initio simulations) could enable a molecular view of the dynamic reaction 596 

microenvironment in NO3RR and its influence on reaction energetics. More broadly, this work 597 

provides a framework of combined electrochemical experiments, continuum model simulation, 598 

and in situ infrared spectroscopy to study the interfacial electrolyte environment in the ubiquitous 599 

but understudied mass transport-limited regime. Building on mechanistic understanding of mass 600 

transport effects in the convenient and representative model reaction of NO3RR, this study will not 601 

only enable rational design of the reaction microenvironment to facilitate sustainable distributed 602 

ammonia manufacturing from wastewater, but also provide unique insights on other important 603 

energy-relevant electrocatalytic reduction reactions. We believe that understanding and 604 

engineering the micro-scale reaction environment present enormous opportunities to help 605 

rebalance global biogeochemical cycles for nitrogen, carbon, and beyond. 606 

 607 
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