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ABSTRACT

The electrochemical nitrate reduction reaction (eNO;RR) to ammonia (NHj;) is a key for producing fuels during interstellar
travel and an alternative to Haber—Bosch process. However, the complicated multi-electron/proton transfer electrode process
of eNO;RR makes affordable electrocatalyst discovery and its mechanistic understanding challenging. Herein, we established a
human-machine collaboration framework by employing dimensionally reduced reaction descriptors which enables an accelerated
data-driven discovery-to-unveiling of unconventional and high-performance eNO;RR electrocatalysts with desirable element
choice. Using the current density difference between nitrite (NO,~) reduction and hydrogen evolution as a descriptor, the optimal
FeCoNiCuGa electrocatalyst was identified in a drastically short timeframe. Even compared with Pt or Rh, the FeCoNiCuGa
exhibits a higher NH; production rate of 9.8 mmol mg ! at —0.3 V versus a reversible hydrogen electrode. Furthermore,
together with a mechanistic study using rotating ring-disk electrode combined with a new kinetic model, in situ infrared
spectroscopy unveiled that the adsorbed NO,~ (*NO, ") plays a crucial role in the efficient electrode process: a moderate *NO,~
binding accelerates NH; formation whereas a weak binding leads to unfavorable reactions. Our work demonstrates that a
comprehensive human-machine collaboration approach enables an accelerated discovery-to-unveiling of promising electrode

processes, providing a feasible way to promote game-changing electrochemical technologies.

1 | Introduction

Unveiling microscopic mechanisms of multi-electron/-proton
transfer electrode processes (MEPTs) is one of the grand chal-
lenges in science [1-6]. Even for the well-known archetype
MEPTs of the hydrogen evolution reaction (HER) at well-defined
single-crystal electrodes, we still do not fully understand how
electrons and protons are transferred at electrified solid-liquid
interfaces, neither theoretically nor experimentally, nor in combi-
nation [7-13]. A lack of a precise view of MEPTSs is a key bottleneck
in electrocatalyst design, delaying the advancement of next-

generation electrochemical technology. Thus, it is game-changing
to develop a methodology to accelerate promising electrocatalyst
design with on-demand elements and spontaneously lead to a
better understanding of the microscopic electrode process. In this
context, renewable electricity-driven electrochemical ammonia
(green-NH,;) synthesis is a typical MEPT that faces the issues.

NH; is a vital chemical that is widely used as a fertilizer, a
fuel, a feedstock for pharmaceuticals, and an energy carrier on
Earth and, in the future on the Moon or Mars [14, 15]. Moreover,
NH; remains a critical chemical during interstellar travels. As
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such, global NH; demand is expected to exceed 650 Mt by 2050
[16]. Currently, NH; synthesis relies on the Haber-Bosch (H-
B) process, which operates at high temperatures and generates
extra CO, emissions [17, 18]. The green-NH; synthesis offers an
alternative to the H-B process, attracting tremendous attention
over the past decades because it is based on electrolysis, making
it suitable for operation outside Earth or for deployment in the
limited space of interstellar spacecraft. Although N, is the most
abundant nitrogen source, the high N=N triple bond dissociation
energy (941 kJ mol™) [19-22] limits NH; productivity toward
N, electrochemical reduction. Water-soluble nitrate (NO; ™) pos-
sesses a low N=0 double bond dissociation energy (204 kJ mol™)
[20, 23, 24], enabling favorable reaction kinetics for sustainable
NH; synthesis from the electrochemical NO,~ reduction reaction
(eNO;RR).

The eNO;RR to NH; is an 8-electrons/9-protons MEPT involving
the formation of various intermediates and byproducts [20,
25]. During eNO;RR, subtle variations in intermediate binding
and undesired intermediate stabilization can drastically affect
reaction barriers and divert the pathway toward side reactions.
*NO," is identified as a key intermediate in NH; production,
but the specific role of *NO,~ in regulating NH; yields remains
insufficiently explored. In this study, we employed the rotating
ring-disk electrode (RRDE) technique alongside effective kinetic
modeling to elucidate the complex NO;RR electrode process.
RRDE is a double-working-electrode configuration [26] that has
been widely employed to investigate MEPTs (for example, oxy-
gen reduction reactions, ORR) [27-35]. In RRDE configuration,
electrochemical redox reactions occur at the disk electrode while
the ring electrode detects the intermediate or product diffusing
from the disk. By controlling rotation rate (w), the plots of
disk to ring current (N ;3 N is the collection efficiency) versus

w95 enables in-depth Srobing of eNO;RR intermediates and
overall pathways [27-35]. As a result, we successfully uncovered
theoretical insights for the rational design of multicomponent
metal-oxide electrocatalysts.

Multicomponent metal-oxides exhibit high specific surface areas,
tunable electronic structures, and strong synergistic interactions
among different metal centers, all of which are advantageous for
promoting efficient MEPT pathways [36, 37]. However, such ben-
efits come at the cost of an extremely large compositional space
resulting from the random combinations of multiple elements,
making traditional intuition-driven screening strategies pro-
hibitively time-consuming and inefficient. This bottleneck under-
scores the urgency of developing high-throughput, knowledge-
guided approaches to rapidly identify promising candidates.
Artificial intelligence (AI) is a powerful and transformative
platform for electrocatalyst discovery, accelerating screening of
multicomponent electrocatalysts by combining domain expertise
with AI descriptor construction and data-driven learning [38,
39]. However, applying AI directly to MEPTs is nontrivial due to
their complex reaction networks. For example, a typical MEPT
eNO;RR involves over a dozen intermediates and produces
various products (NH;, N,, NO, ™, et al), which makes selectivity
prediction particularly challenging. Therefore, accurately identi-
fying highly selective MEPT electrocatalysts requires AI models
equipped with meaningful descriptors that are tailored to the
mechanistic complexity of MEPTs.

Herein, we successfully bridge the gap between AI platforms
and MEPTs by developing a directed simplification of MEPTSs,
enabling accelerated discovery of target materials and faster
understanding of microscopic mechanisms. In this concept, a
Bayesian optimization (BO)-based human-machine collabora-
tion framework (HMC) was employed, which effectively short-
ened the screening period for eNO;RR electrocatalysts. Using a
dimensionally reduced reaction descriptor to provide a directed
simplification of MEPT, the optimal quinary electrocatalyst of Fe,
Co, Ni, Cu, and Ga based oxide material (denoted FeCoNiCuGa)
was identified after 10 “training-suggestion-experiment” loops
(1% trials in 3003 candidates). The NH; production rate of
9.8 mmol mg., ! is achieved at —0.3 V versus the reversible
hydrogen potential (RHE). Mechanistic studies including RRDE
and in situ electrochemical infrared analysis reveal that high
NH; yields originate from the rapid *NO,~ formation and con-
version, providing guidance for the design of selective eNO;RR
electrocatalysts.

2 | Results and Discussion
2.1 | Descriptor Establishment

Given the complexity of MEPTS, establishing accurate descriptors
requires a comprehensive analysis of the overall reaction scheme.
The eNO;RR to NH; is considered a consecutive MEPT, con-
sisting of NO;RR to NO,™ and electrochemical nitrite reduction
reaction (eNO,RR) to NH;, with HER as a side reaction. In
our approach, 15 elements (Cu, Fe, Mn, Sn, Bi, In, Zn, Ag,
Au, Co, Ni, Ga, Mo, Sb, and Zr) were selected to construct
quinary electrocatalysts. According to previous studies, Cu is
responsible for NO,~ formation [40], Fe and Co contribute to
NO;~ activation [41-43], Sn, Bi, In, Zn, Ag, Au, Ni act as adsorbed
H (*H) mediator [44, 45], Ga, Mo, Sb, Zr modulate the electronic
structure [46]. The quinary electrocatalysts were synthesized
using the reported protocols [38]. In our model, the molar ratio
of elements in the quinary catalysts was fixed at 1:1:1:1:1. A
total of 3003 candidate catalysts (5 elements from 15 elements)
were generated using a combinatorial enumeration approach. In
order to construct a chemical composition search space, only the
elemental composition was considered as the variable (Figure 1a).

To construct a training dataset, 10 quinary electrocatalysts
were randomly selected from the 15 elements, followed by
eNO;RR, eNO,RR, and HER linear sweep voltammetry (LSV),
and eNO;RR controlled potential electrolyses (CPEs) at —0.3 V
versus RHE. NO;RR products were quantified using colorimetric
methods [47, 48]. All electrocatalysts exhibit higher current
responses toward NO;RR and NO,RR than toward HER (Figure
S1). During the eNO;RR, the measured total current density con-
sists of two contributions: the reduction current originating from
NO;" itself and the current associated with the HER. Therefore,
we performed mathematical integration of the eNO;RR and HER
LSV curves and calculated their difference to quantify the net
eNO;RR current (denoted as jyo,rr — jurr, Figure 1b), which
serves as an indicator of the net eNO;RR current, following
the same principle for the eNO,RR versus HER (jyo,rr = Jjuers
Figure 1c). The jyo,rr — jupr @nd jyo,rr — Jjupg Of the training
electrocatalysts were calculated and plotted against NH; yields
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FIGURE 1 | (a) Schematic illustration of HMC applied to NO;RR electrocatalyst screening. By employing dimensionally reduced reaction
descriptors, the eNO;RR-to-NH; pathway can be effectively extracted from the multi-pathway eNO;RR reaction network. Schematic illustrations of
(b) jnosrr — jrer @nd (€) jno,rr — juEer calculations from eNO3RR, eNO,RR, and HER LSV profiles. (d) Correlations of jyo,rr — juer With Yyg, and

(€) jno,rr — juer With Yy, in the initial training dataset. (f) Plots of electrocatalyst number against jyo,rr — juer, and (g) plots of jyo,rr — JHER

against Yy, after 10 “training-suggestion-experiment” loops.

(Yyg,) from CPEs (Figure 1d,e). There is no clear correlation
between jyo,rr — jurr and Yyy, (Figure 1d), but a strong linear
correlation is observed between jyo,rg — jupr and Y vy, (R* value
of 0.917) (Figure le), suggesting that jyo,zz — Jjuer is a reliable
descriptor for the NO;RR electrocatalyst.

The electrocatalyst compositions and jyo,rr — jusr Were used
as descriptors for HMC to predict promising electrocatalysts
via a statistical model and optimization algorithms. In each

loop, HMC gave two suggestions followed by the synthesis
and electrochemical measurements of eNO,RR, HER LSVs and
eNO;RR CPEs at —0.3 V. The newly obtained compositions and
Jno,rr — Jupr Were incorporated into the dataset for the next loop
and plotted against Yy, to assess the correlation (Figure S2).
After the first loop, the predicted electrocatalysts show a strong
linear correlation between jyo,rg — jupg and Yy, (R* value of
0.872) (Figure S2a), further confirming the high accuracy of the
descriptors. At the fourth loop, the material consists of Fe, Co, Ni,
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FIGURE 2 | (a)Products distribution and NH; production rates of FeCoNiCuGa during eNO;RR CPEs in 0.1 M KOH + 1 M KNOjs. (b) The j;o;q; and
JnH, from eNO3RR CPEs on FeCoNiCuGa. (¢) Products distribution and jy, of NO3;RR CPEs on FeCoNiCuGa, Pt, and Rh at —0.3 V. (d) NO;RR and (e)
NO,RR LSV curves of FeCoNiCuGa, Pt, and Rh in 0.1 M KOH + 1 M KNOj3 and 0.1 M KOH + 0.2 M KNO,. (f) Elemental occurrence frequencies across
the full HMC dataset. Elemental occurrence frequencies in (g) the top 10 electrocatalysts ranked by Yy, , and (h) the top 10 electrocatalysts ranked by
Jno,RR — juer- () Products distribution and jyp, of NO;RR CPEs on Ag-containing electrocatalysts at —0.3 V.

Cu, Ga (FeCoNiCuGa) has emerged as the optimal electrocatalyst
with a highest Yy, of 1.43 mmol. In subsequent loops, although
Jno,rr — Jupr €xhibits an upward trend, the suggested electro-
catalysts show lower NH; yields than FeCoNiCuGa (Figures 1f,
S3). This performance saturation prompted the termination of
the screening after 10 loops. In total, 30 electrocatalysts (10 from
the initial training dataset and 20 suggested electrocatalysts)
were synthesized, accounting for 1% of the 3003 candidates. A
strong correlation between jyo,rr — jupr and Yy, maintains
after 10 loops (Figure 1g), confirming that HMC effectively
accelerates the electrocatalyst screening and significantly reduces
the experimental workload.

2.2 | Data-Driven and Mechanical Analysis

The eNO;RR CPEs from —0.1 to —0.6 V versus RHE were con-
ducted by using FeCoNiCuGa as the model system (Figure 2a,b).
FeCoNiCuGa exhibits high NH, Faradaic efficiencies (FEs), total
current densities (o) and NH; partial current densities (jyp,)
over a wide potential range and the maximum NH; production
rate of 18.1 mmol mg. " is achieved at —0.6 V (Figure 2a).

At —0.3 V, the NH; production rate reaches at 9.8 mmol
mg.,. !, outperforming platinum group metals (PGMs) such as
Pt and Rh, showing its potential for large-scale implementation
(Figure 2c). Rh has a high NO,RR response (Figure 2e), but
inferior eNO;RR performance (Figure 2d) limits its NH; FE.
HER was revealed to be the dominant reaction on Pt, suggesting
its inferior performance as a NO;RR electrocatalyst (Figure
S4). A 12-hour CPE was conducted at —0.3 V to evaluate the
durability of the FeCoNiCuGa (Figure S5). The current density
remained almost constant throughout continuous operation and
the NH; FE showed minimal variation over time, indicating
stable electrocatalytic activity and selectivity of FeCoNiCuGa.
The absence of any significant performance decay suggests that
no functional degradation occurred. To determine electrocatalyst
compositions, the structural analyses including x-ray diffractom-
etry (XRD), scanning transmission electron microscopy (STEM),
and x-ray photoelectron spectroscopy (XPS) of FeCoNiCuGa were
performed (Figures S6—S8). An obvious electrocatalyst layer can
be observed in the cross-sectional high-angle annular dark field
(HAADF) STEM image of FeCoNiCuGa (Figure S7a). The EDS
mapping of O, Fe, Co, Ni, Cu, and Ga elements show the uniform
distribution, further confirming the even composition of FeCoN-
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iCuGa (Figures S7b—g). The XPS analysis reveals that Fe, Co, Ni,
and Cu exist as the mixed valence states, while Ga exists as the
Ga(III) state in FeCoNiCuGa (Figure S8). FeCoNiCuGa displays
in an amorphous matrix, where the synergistic interaction among
the elements has a coordination effect in NH, formation.

To identify the high electrochemical properties of FeCoNiCuGa,
we studied the correlations between the electrocatalyst com-
position and both the jyo,rr = jupr and Yyy,. The elemental
occurrence frequencies of the total HMC dataset were counted
first. Within this dataset, the Fe, Co, Cu, Ni, and Ga elements
appear 22, 19, 19, 16, and 15 times, respectively, ranking the top
five elements (Figure 2f). Analyses of the top 10 electrocatalysts
ranked by Yy, and jyo,rg — jupr show that Fe, Cu, Ni, Co,
and Ga consistently appear with frequencies of 9, 9, 8, 8, and
6, and 10, 8, 8, 6, and 6, respectively (Figure 2gh), showing
the importance in NH; production. Notably, Ag appears four
times in the top 10 jyo,zr — jusr but demonstrates no association
with the high Yy, (Figure 2gh, Table S1). Excluding Ag-
containing electrocatalysts from the HMC dataset improves the
linear correlation between jyo,rr — jusr and Yy, (R? value of
0.774) (Figure S9). The NO;RR LSVs of Ag-containing electrocat-
alysts show onset potentials around 0.2 V (Figure S10) and high
NO,~ FEs upon CPEs at —0.3 V (Figure 2i), suggesting that Ag
promotes eNO;RR to NO, . These results indicate that, despite
Ag-containing electrocatalysts having high eNO,RR activities,
the NO,~ accumulation ultimately constrains the NH; yields.

Aiming to study the Ag component effect on the electrochemical
properties, we decided to add Ag into FeCoNiCuGa to prepare
FeCoNiCuGaAg and check its eNO;RR and eNO,RR LSVs,
and CPE at —0.3 V (Figure 3a—c). Compared to FeCoNiCuGa,
FeCoNiCuGaAg exhibits a positive NO;RR onset potential near
0.25 V but lower current densities in the negative potential
region (Figure 3a). However, the eNO,RR LSVs of FeCoN-
iCuGa and FeCoNiCuGaAg exhibit a similar trend (Figure 3b),
suggesting that these two materials have comparable apparent
reaction kinetics toward eNO,RR. To investigate the origin of
the electrocatalytic performance of both electrocatalysts, the
electrochemically active surface area (ECSA) measurements were
conducted for FeCoNiCuGa and FeCoNiCuGaAg (Figure S11).
The FeCoNiCuGaAg demonstrates higher double-layer capaci-
tance (Cy) than FeCoNiCuGa, indicating a higher ECSA. Despite
this higher ECSA, FeCoNiCuGaAg shows a lower NH; FE than
FeCoNiCuGa (Figure 3c), excluding surface area effects as the
dominant factor. Meanwhile, the introduction of Ag shifts the
NO;RR onset potential positively and leads to a higher NO,~
FE, suggesting weakened *NO,~ adsorption on FeCoNiCuGaAg,
which consequently suppresses NH; formation. Therefore, the
NH; selectivity is governed by intrinsic active-site properties,
particularly the variations in *NO,~ binding strength, rather than
morphology or specific surface area effects. Subsequently, the
elemental occurrence frequencies of the bottom three electrocat-
alysts ranked by jyo,rr = Jjuzr (also the bottom three Yy, elec-
trocatalysts) were analyzed, showing that both Zr and Mo appear
most frequently (Figure S12, Table S1). Thus, FeCoNiCuGaZr,
FeCoNiCuGaMo, and FeCoNiCuGaZrMo were synthesized and
subsequently subjected to electrochemical measurements to ana-
lyze the degradation issue (Figure 3a—c). Mo addition causes
a slight decline in both NO;RR and NO,RR LSVs of FeCoN-
iCuGaMo, while FeCoNiCuGaZr and FeCoNiCuGaZrMo exhibit

inferior NO;RR and NO,RR performance (Figure 3a—c), demon-
strating that Zr introduction leads to significant performance
degradation (Figure 3a,b). Zr adding impedes eNO,RR, thereby
negatively affecting NH; yields (Figure 3c). Summarizing the
study on elemental effects, the results from FeCoNiCuGaAg
and FeCoNiCuGaZr electrochemical measurements with the
previous observations on Ag-containing materials and the HMC
descriptors, *NO,~ formation and its conversion to subsequent
steps are critical in determining NH; production.

The analysis based on HMC descriptors and elemental roles of
Ag and Zr identified *NO,”/NO,~ as the critical intermediates
to NH; yields. Thus, elucidating *NO,~ behavior is essen-
tial for understanding the eNO;RR mechanism within MEPT
framework. Given that multi-component electrocatalysts could
alter product distribution, the individual contributions of each
component were investigated to better understand *NO,~ effect.
Upon CPE, single-metal materials demonstrate significantly
lower NH; FE and jyy, than FeCoNiCuGa (Figure 3e). NO,~
is the dominant product on Cu and Ni whereas Co favors
NH,; formation, implying that Cu and Ni accelerate *NO,~
formation with a limited *NO,~ conversion effect while Co
promotes *NO,~ reduction. Additionally, FeNiCuGaAg exhibits
a diminished NO,RR response and a higher NO,~ FE than
FeCoNiCuGaAg (Figures S13—S15), further confirming that the
Co facilitates the eNO,RR process to elevate NH; productivity.
Meanwhile, Fe contributes to limited NH; FE; Ga exhibits the
lowest jyy, (Figure 3e). A comparative analysis of FeCoNiCu-
GaAg and FeCoNiCuAg clarified that although FeCoNiCuAg has
higher NO;RR and NO,RR responses than FeCoNiCuGaAg, the
dominant product is NO,~ (Figures S13—S15). As NO;RR is a
MEPT with 2-electron/proton transfer HER as a side reaction, the
electrons/protons’ behavior within HER could significantly affect
eNO;RR performance. FeCoNiCuAg demonstrates higher HER
performance than FeCoNiCuGaAg (Figure S16), suggesting an
intense proton transfer competition on FeCoNiCuAg during NH,
formation. Ga has been identified as a promoter: introducing Ga
makes NO;RR intermediates protonation more preferential than
HER. Thus, Ga assists in selective NH; formation. To further vali-
date the *NO, "~ effect, four-metal materials without Cu, Ni, or Ga
(FeCoNiGa, FeCoCuGa, FeCoNiCu) were synthesized, followed
by electrochemical measurements. All electrocatalysts exhibit
lower eNO;RR performance than FeCoNiCuGa, but similar
NO,RR trends (Figures 3d, S17). Upon CPEs, all electrocatalysts
have comparable NH; FE but lower jyy, than that of FeCoN-
iCuGa (Figure 3e). The product current density is determined
by the total current density and FE, which reflects the product
formation rate [49]. CPE and eNO;RR LSV results infer that the
absence of Cu, Ni, or Ga hinders the NO;RR to *NO,~ (Figure 3e).
Therefore, despite all electrocatalysts maintaining comparable
eNO,RR activity to FeCoNiCuGa, inferior *NO,~ generation
limits NH; production rate. The eNO;RR Tafel analysis on
FeCoNiCuGa toward NH; formation reveals a slope of 47 mV
dec™, close to the theoretical value of 59 mV dec™, indicating that
there is one electron transfer before rate-determining step (RDS)
[50] and suggesting that NH; production is governed by *NO,~
formation (Figure 3f). The HMC descriptor shows that NH,
productivity depends not only on NO, ™~ conversion but also HER
suppression, clarifying the importance of both eNO,RR and HER
to overall performance. The HER Tafel slope on FeCoNiCuGa
is 145 mV dec™ (Figure S18), indicating *H formation is the
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FIGURE 3 | (a) eNO;RR, and (b) eNO,RR LSVs of FeCoNiCuGa, FeCoNiCuGaAg, FeCoNiCuGaZr, FeCoNiCuGaMo, and FeCoNiCuGaZrMo in
0.1 M KOH + 1 M KNO; and 0.1 M KOH + 0.2 M KNO;. (c) Products distribution and jyg, of FeCoNiCuGa, FeCoNiCuGaAg, FeCoNiCuGaZr,
FeCoNiCuGaMo, and FeCoNiCuGaZrMo from NO3;RR CPE at —0.3 V in 0.1 M KOH + 1 M KNOs;. (d) NO3RR LSVs of FeCoNiCuGa, FeCoNiCu,
FeCoCuGa, and FeCoNiGa. (e) Products distribution and j NH; of Fe, Ga, Ni, Cu, Co, FeCoNiCuGa, FeCoNiCu, FeCoCuGa, and FeCoNiGa from NO;RR
CPE at —0.3 Vin 0.1 M KOH + 1 M KNO;. (f) eNO3;RR and (g) eNO,RR Tafel slope for NH; formation on FeCoNiCuGa. (h) The schematic illustration

of NO;RR with different *NO,~ adsorption.

RDS [51, 52]. The FeCoNiCuGa shows an eNO,RR Tafel slope of
97 mV dec™ (Figure 3g), implying that eNO,RR is restricted by
NO,~ adsorption. *NO,~ competes with *H reducing *H cover-
age, inhibiting HER while promoting NH; formation. However,
inadequate *NO,~ coverage causes low NH; productivity. Based
on the Sabatier principle [53-55] and above results, we conclude
that *NO,~ adsorption strength and its subsequent reduction
dominate NH; productivity toward eNO;RR (Figure 3h). Strong
*NO,~ binding enables high *NO,~ coverage facilitating NH;
formation while weak *NO,~ binding favors NO,~ formation.

To further support the role of *NO,~ in NH; formation, RRDE
experiments were conducted on FeCoNiCuGa, FeCoNiCuGaAg,
and FeCoNiCuGaZr. It is well known that the RRDE technique
is a powerful electrochemical approach for studying kinetics,
provided there is an effective mathematical model. In this study,
we develop a new eNO;RR kinetic model for the RRDE technique
based on a previous ORR RRDE model (Figure 4a, details in
Supporting Information). In our model, k; represents the direct

8-electron reduction of NO;~ to NH; without *NO,~ process; k,
represents a 2-electron NO;~ reduction to *NO,~ process while
k_, represents the reversed path; k; is the deeper reduction
of *NO,~ to NH;; k; and k, represent *NO,~ desorption and
NO2 adsorption processes, respectively. Upon analyzing the
N 2 w03 plots at different potentials, the tandem electrode and

dlrect reduction processes can be distinguished. The Pt,;PdAu-
coated Pt ring was used as the ring electrode and catalyzed
an efficient NO,~ oxidation reaction (NO,OR), even at 10 mM
NO,~ concentration (Figure S19). Using the FeCoNiCuGa-coated
Pt disk as the disk electrode, the collection efficiency (IN) was
calculated in 0.1 M KOH + 10 mM KNO; (Figure S20, Table
S2). The average value (0.408) was adopted for subsequent
calculations (Table S2). The RRDE setup was used to investigate
the eNO;RR and NO,OR behaviors of FeCoNiCuGa at various
rotation rates in 0.1 M KOH + 1 M KNO; (Figure 4b). During
RRDE analysis, the ring potential was 1.675 V versus RHE, at
which the oxygen evolution reaction (OER) current was relatively
small (Figure S19). Within the potential range of 0.25-0.30 V
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FIGURE 4 | (a) Schematic illustration of eNO;RR RRDE model (* represents adsorption state; s represents surface; a represents bulk solution).
(b) eNO3RR LSVs and corresponding ring current of FeCoNiCuGa at different rotation rates in 0.1 M KOH + 1 M KNOs. (c) Plots of N ;g_w—o.s for
R

FeCoNiCuGa at —0.075 to —0.225 V versus RHE potential range. (d) The J —

S plots derived from the J and S values of NL ——co 05 plots at different

potentials. In situ FT-IR spectra of NO3;RR on (e) FeCoNiCuGa, (f) FeCoNiCuGaAg, and (g) FeCoNiGa. (h) In situ FT- IR spectra of eNO,RR on
FeCoNiCuGa. (i) Schematic illustration of the proposed eNO;RR reaction pathway.

versus RHE (Figure 4b), the NO;RR had not yet been initiated
on the disk electrode. The corresponding ring current exhibited
a stable plateau, which mainly originated from the OER and
could therefore be regarded as the background current. This
background contribution was subtracted in the subsequent data
analysis to obtain a more accurate net ring current associated with
the oxidation of reaction intermediates (details in Supporting
Information). Both NO;RR and NO,OR currents increase with
rotation rates, indicating elevated mass transfer. The N w03

analysis was conducted from —0.075 to —0.225 'V, where HER is
negligible (Figure S21). From —0.075 to —0.225 V (Wlth an interval
of 0.025 V), the intercepts (J) obtained from N w93 plots at all
potentials are greater than 1 (Figure 4c), suggestlng the presence
of the k; process (J = 1 + 4— details in Supporting Information).
Using J and the slopes (S) at different potentials to draw J
— S plots, the intercept (J') is 1.02 (Figure 4d), demonstrating
that the k, process (direct NO;RR to NH;) is negligible on

FeCoNiCuGa (J' =1+ 4— details in Supporting Information).

Thus, the eNO;RR on FeC0N1CuGa proceeds via consecutive
processes of NO;RR to *NO,~ and *NO,~ to NH;. The RRDE
analysis was also applied to FeCoNiCuGaZr, which exhibits lower
J values than FeCoNiCuGa but follows the same consecutive
pathway (Figures S22—S23). At a specific potential, the J value

of the N ?—afo's curve can be used to quantify the tendency
R

of the k; to the k; process (i—S), signifying the importance of
*NO,~ to final NH; productivigy. The J values of FeCoNiCuGa,
FeCoNiCuGaZr, and FeCoNiCuGaAg at —0.2 V were 1.48, 1.12,
and 1.17, respectively (Figures 4c, S23, and S24). Compared to
FeCoNiCuGaAg and FeCoNiCuGaZr, FeCoNiCuGa has a low
*NO,~ desorption (k;) rate and prefers k; process, which is
advantageous for NH; formation. In contrast, in FeCoNiCuGaAg
and FeCoNiCuGaZr, a suppressed k; process or an accelerated ks
process results in limited NH; production. The RRDE analysis
successfully excludes the existence of the direct eNO;RR to NH,
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process and identifies the importance of *NO,~ conversion to
NH; productivity in the tandem electrode process, providing a
powerful reference for subsequent mechanism studies.

The overall pathway was determined using in situ Fourier
transform infrared (FT-IR) spectra of eNO;RR and eNO,RR.
Compared to the in situ FT-IR spectra of HER on FeCoNiCuGa
(Figure S25), the downward peaks at 1365 cm™ during NO;RR
correspond to NO;~ consumption (Figure 4e) [56]. The depletion
peaks at 1631 and ~3300 cm™ indicate H,O consumption, which
is accompanied by considerable NO;RR intermediates formation
(Figures 4e, S26) [43, 57, 58]. The upward peaks at 1441 cm™
represent the N—H vibration, indicating NH; formation [59, 60].
At 0.05 'V, the *NO,~ bands at 1230 cm™! appear [56, 61, 62] and
attenuate from —0.1 V to —0.2 V. Correspondingly, new bands
at 1118 cm™ relating to N—O in *NH,OH emerge [61, 63-65],
suggesting *NO,~ conversion. A downward peak corresponding
to NO;~ consumption emerges at 0.2 V on FeCoNiCuGaAg
(Figure 4f), which is consistent with the NO;RR LSV results.
Additionally, H,O depletion bands at 1630 cm™ are observed on
FeCoNiCuGaAg (Figure 4f) [43]. The *NO,~ peaks at 1239 cm™
gradually strengthen from 0.1 to —0.3 V, suggesting sluggish
*NO,~ conversion [56, 61, 62]. To further confirm the role of
*NO,~, NO;RR in situ FT-IR spectra were recorded on FeCoNiGa
(Figure 4g). The absence of Cu hinders NO;~ conversion to
NO,". Accordingly, the NO;~ and H,0O consumption bands at
1356 [56] and 1635 cm 1 and N—H vibration bands at 1442 cm™
only appear at negative potentials [59, 60], demonstrating that
inadequate *NO,~ formation restricts NH; yields.

The eNO,RR in situ FT-IR spectra of FeCoNiCuGa, FeCoNiCu-
GaAg, and FeCoNiCuGaZr were used to explore the eNO,RR to
NH, pathway. In Figure 4h, the downward peaks at 1230 cm™!
on FeCoNiCuGa correspond to NO,~ consumption, whereas
the increased peaks around 1290 cm™ are the characteristic
peaks of *NH, [66]. The upward trends at 1540, 1434, 1160,
and 1110 cm™ indicate *NO [67], NH; [59, 60], *NH, [60],
and *NH,OH formation [61, 63-65], confirming the evolution of
intermediates. Furthermore, the eNO,RR in situ FT-IR spectra
of FeCoNiCuGaAg are comparable to those of FeCoNiCuGa
(Figure S27). In contrast, Zr impedes the eNO,RR process, thus
limiting *NO,~ transformation on FeCoNiCuGaZr. As a result,
NO,~ consumption can only be observed at negative potentials
on FeCoNiCuGaZr (Figure S28). Additionally, the high Tafel slope
of FeCoNiCuGaZr toward the NO,RR (152 mV dec™?, Figure S29)
suggests that Zr weakens *NO,~ adsorption, thereby reducing
surface coverage and negatively impacting NH; yield.

Correlating in situ FT-IR spectra with data analysis and the
kinetic analyses based on RRDE unveils the significance of
*NO,~ in NH; generation. A high *NO,~ formation rate and
strong *NO,~ adsorption ensure sufficient *NO,~ coverage and
subsequent transformation. In alkaline conditions, the electrode
surface is typically negatively charged, which can result in elec-
trostatic repulsion toward anions such as NO;~/NO,~. However,
ion distributions within the electric double layer (EDL) cannot
be described solely by classical electrostatic considerations alone
[68]. During electrolysis, the high concentration K* cations could
tune the local electric field near the electrode surface, which
is benefit to the negatively charged species stabilization [69].
Furthermore, the continuous NO;~/NO,~ consumption on the

surface leads to a local concentration gradient, generating a diffu-
sion flux toward the electrocatalyst surface. The combination of
migration and diffusion enables the efficient transport of anions
to the reaction plane in EDL. Moreover, the structural disorder of
the amorphous matrix may result in a more heterogeneous local
electric field distribution at the interface, potentially influencing
the interfacial water structure. This interfacial modulation may
contribute to the suppression of competing HER thus facilitating
NO;RR to NH;. Based on these findings, we conclude that
the overall NH; formation proceeds via the NOJ —* NO; —*
NO - NH,0H —* NH, - NH, pathway (Figure 4i).

3 | Conclusion

In this study, based on the concept of direct simplification of
MEPT, jyo,rr — Jjurr is strategically employed as a descriptor in
BO-based HMC to accelerate eNO;RR electrocatalysts screening.
A highly efficient FeCoNiCuGa electrocatalyst with an NH;
production rate of 9.8 mmol mg., ' at —0.3 V is identified in
just 1% of the trials across the entire candidate space. Our data
analysis and mechanistic investigations including RRDE and in
situ FT-IR spectra reveal that NH; productivity is governed by
*NO,~ intermediates. Weak *NO,~ binding leads to low *NO,~
coverage, resulting in low NH; productivity. Conversely, strong
*NO,~ binding enables high surface *NO,~ coverage, ensuring
NHj; productivity. Currently, Al platforms for MEPT reactions are
restricted by the complex reaction process and limited data avail-
ability. This work provides a paradigm for identifying descriptors
within complex reaction networks by incorporating key reaction
steps into a human—machine collaborative workflow. Under
alkaline conditions, HER kinetics are significantly suppressed,
NO,~ behaviors emerge as the dominant step that governs the
overall reaction rate, which provides an experimentally accessible
basis for constructing the descriptor. Despite the pronounced
changes in the interfacial local environments, electron donors,
and electric double layer structures under neutral or acidic
conditions, the same dimensional reduced principle can still
guide the design of new descriptors. This work successfully
decouples the NO;RR process and integrating AI platforms
into the MEPT framework and clearly elucidates the crucial
intermediates evolution at the solid—liquid interface, establishing
a mechanistic foundation for future electrocatalytic applications.
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