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% Check for updates While high-entropy alloy (HEA) catalysts seem to have the potential to break

linear scaling relationships (LSRs) due to their structural complexity, the
weighted averaging of properties among multiple principal components
actually makes it challenging to diverge from the symmetry dependencies
imposed by the LSRs. Herein, we develop a ‘surface entropy reduction’ method
to induce the exsolution of a component with weak affinity for others,
resulting in the formation of few-atom-layer metal (FL-M) on the surface of
HEAs. These exsolved FL-M surpass the confines of the original configurational
space of conventional HEAs, and collaborate with the HEA substrate, serving as
geometrically separated active sites for multiple intermediates in a complex
reaction. This FL-M-covered HEA shows an outstanding performance for
electrocatalytic reduction of nitrate to ammonia (NH3) with a Faradaic effi-
ciency of 92.7%, an NH; yield rate of 2.45 mmol h™ mg.,. ", and high long-term
stability (>200 h). Our work achieves the precise manipulation of atomic
arrangement, thereby expanding both the chemical space occupied by known
HEA catalysts and their potential application scenarios.

Electrochemical synthesis of chemicals and fuel feedstocks, such as
alkanes, alcohols, and ammonia, usually involves multiple electron and
proton transfers and competing adsorption of different

Throughout the history of electrocatalyst development for sus-
tainable electrosynthesis, metal complexes, metal nanoparticles, alloys
or intermetallics, nanoclusters, single-atom catalysts, and high-

intermediates'™. However, there exists a linear correlation among the
adsorption energies of different intermediates on the electrocatalyst
surface, posing a dilemma of how to simultaneously enhance the
electrocatalyst’s activity toward all reaction intermediates of multistep
transformations*. Such a so-called scaling relationship leads to a sce-
nario where the more complex the reaction, the more challenging the
design of the electrocatalyst becomes’.

entropy alloys (HEAs) emerged successively, with each of them
becoming representative electrocatalysts of their respective eras®.
Among them, HEAs stand out with their multicomponent surface,
tailorable compositions, and unique ‘cocktail’ effects, making them an
almost ideal electrocatalyst design with diverse active sites to indivi-
dually bind, polarize, and activate substrates and intermediates, lead-
ing to the final product®'°. The potential of HEAs to catalyze a range of
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electrochemical reactions, such as water electrolysis for hydrogen
production, carbon dioxide electrolysis to generate hydrocarbons and
alcohols, and nitrogen/nitrate reduction for ammonia synthesis, has
been demonstrated over the past few years" . While HEA electro-
catalysis constitutes a whole new paradigm, the vastness of composi-
tions in HEAs, which is orders of magnitude larger than that of bi- and
trimetallic alloys, becomes intractable®®2°. More importantly, the
weighted averaging of properties among surface metal atoms drives
the convergence of adsorption energies of reactants on these atoms
toward a common value, indicating that HEAs obey similar scaling
relations to other well-established heterogeneous catalyst systems.
Therefore, the necessity of an improved design of HEA electrocatalysts
through precise manipulation of atomic arrangement beyond the
confines of the original configurational space is apparent.

Herein, we develop a ‘surface entropy reduction’ approach to
break the scaling relationship inherent in conventional HEAs by in situ
exsolving FL-M from the surface as new active sites. Specifically, using
entropy balancing in an open HEA system, a principal component
element with weak affinity for others, for example, silver, can be
exsolved on the surface, resulting in the formation of few-atom-layer
silver (FL-Ag). These FL-Ag interact with neighboring metal sites on the
HEA parent to establish new active-site motifs, which avoid the gen-
erally encountered scaling relationships and, therefore, enable highly
efficient cascade conversion of nitrate into ammonia. Combined in situ
characterizations and first-principles simulations confirm the critical
role of FL-Ag in promoting the continuous generation of the NO
intermediate and its subsequent reduction over the HEA nearby. This
FL-Ag/HEA catalyst demonstrates outstanding performance, achieving
a Faradaic efficiency of 92.7%, an NHj yield rate of 2.45 mmol h™ mgz},
and notable long-term stability (>200 h), far outperforming conven-
tional HEA. Our work demonstrates a low-entropy HEA surface with a
high level of chemical complexity and opens up more opportunities to
improve the catalytic performance of HEA catalysts toward sustainable
ammonia production.

Results

Calculation-assisted HEA electrocatalyst designs

The electrochemical nitrate reduction reaction (NitRR) involves the
transfer of eight electrons and alternating deoxygenation and hydro-
genation reactions?, and the *NOs, *NO, and *NOH are the key inter-
mediates in the NitRR. Three factors should be prioritized to design
advanced NitRR electrodes with high FE and yield: (1) provide binding
sites with wide adsorption energy distributions that could regulate
various intermediates for complex reactions. (2) optimize the energy
barriers for the rate-determining step (RDS), such as *NO3z and *NO
hydrogenation; (3) balance the energy barriers for NitRR and compe-
titive hydrogen evolution reaction (HER). We first performed DFT
calculations to evaluate the reaction-free energies for NitRR and
reaction pathways and corresponding adsorption configurations of
various intermediates generated during NitRR process over a series of
mono metals (Fe, Co, Ni, V, Ag, Pd, Cu, Ru, Zn, and Sn) were shown in
Supplementary Fig. 1. The models for mono metal Ag, single-phase
FeCoNiVAgPd HEA (HEApomo), and FL-Ag/HEA were constructed using
the experimental results and constitutive entropy equation (details in
Supplementary Note 1, Supplementary Data 1 and Supplementary
Fig. 2). The free energies of *NOj3, *NO,, *NO, *NOH, *NH intermediates
over each monometals show typical linear scaling relations (Fig. 1a). It
means that the hydrogenation barrier associated with scaling rela-
tionships on a single-metal active site catalyst always exist during the
NitRR. In comparison, as shown in Fig. 1b, the designed HEA,omo could
simultaneously provide the weak adsorption sites for *NO (Ag and Pd)
and the strong adsorption sites for *NOH (Fe, Co, Ni, V) (Supplemen-
tary Note 2 and Supplementary Fig. 4). These significant differences in
adsorption strength of *NO and *NOH would lead to the greatly
decrease in energy barrier of *NO hydrogenation. HEAm, With

tunable metal sites can adjust the adsorption strength of different
intermediates to boost the activity of complex NitRR by breaking the
inherent linear relationship that existed in mono metals.

The *NO; hydrogenation over HEApom, is endothermic, and there
need two metal atoms to stabilize the adsorption *NO;. The free energy
changes for *NO3 hydrogenation (*NO3 to *HNO; (AG-yno3) on differ-
ent metal sites (e.g., Fe, Co, Ni, V, Ag, and Pd) indicate that the Ag-Ag
site shows the lowest energy barrier of 0.38eV (Fig. 1c), with the
highest amount of electrons transferred between the H atom and NO3
(0.85 e, Supplementary Fig. 4). However, HEAy,omo With randomly ele-
ment distribution is difficult to afford enough Ag-Ag sites for the
stabilization of *NOj3, which is inevitably affected by the surrounding
Fe/Co/Ni/Pd/V sites with strong absorption strength (Supplementary
Fig. 5). Therefore, we designed FL-Ag/HEA by regulating the surface
element distribution of HEA to achieve the relative proportion of
Ag-Ag sites on HEA surfaces.

The adsorption energy of N atoms can be used to describe the
adsorption of the whole NitRR reaction on the catalyst surface, due to
the positive correlation with the adsorption energies of all the reaction
intermediates involved in NitRR (Supplementary Fig. 3). Therefore, we
used binding energy distribution pattern (BEDP) to determine the
features of the customized FL-Ag/HEA catalysts for complex reactions
that involved multiple intermediates (Fig. 1d). The horizontal coordi-
nate is the adsorption energy strength of the N atoms while the vertical
coordinate is the number of sites with this adsorption strength. The
mono-metal phase shows a single adsorption site and cannot provide
appropriate adsorption strength for all intermediates during NitRR
(the gray line in the diagram). The surface distribution of HEAomo
provides a broad adsorption energy distribution range that provides
the possibility to regulate multiple intermediates at the same time.
Interestingly, by precisely controlling the entropy value of the system
to form FL-Ag/HEA, we can controllably increase the number of metal
sites with better catalytic activity (such as Ag-Ag) to react in key steps
(such as NO5™ hydrogenation), thereby further improving the catalytic
activity by breaking the scaling relations.

Synthesis and characterizations of FL-Ag on HEA
The abovementioned FL-Ag/HEA were designedly and synthesized via a
‘surface entropy reduction’ strategy. The Ag metal exhibits high
DHmixij with each of Fe, Co, Ni, V, and Pd, suggesting the poor com-
patibility of Ag with other metals at common conditions (Supplemen-
tary Fig. 6). The single-phase FeCoNiVAgPd HEAymo nanoparticles
(NPs) only achieved at high temperatures (1200 °C) while the immiscible
Ag can exsolve from the inner HEA phase to form FL-Ag on HEA surfaces
under low temperature (1000 °C). Supplementary Fig. 7 depicts the
nanofiber-mediated synthesis procedure of the FL-Ag/HEA and
HEAnomo- HEAhomo NPs immobilized on CNFs exhibit near-spherical
morphology with sizes of 20-50nm (Fig. 2a and Supplementary
Fig. 8a). Evidenced by X-ray diffraction (XRD), the HEA,omo is attributed
to the face-centered cubic (fcc) phase (JPCDS: Ni-04-0850, Supple-
mentary Fig. 9). The low and high magnification elemental maps con-
firm the HEA,omo NP with homogeneous distribution of Fe, Co, Ni, Cu,
Ag and Pd (Fig. 2b). The atomic-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) collected
on the surface of HEAnomo NP shows the d-spacings of 2.17 A assigned to
the (111) planes of fcc HEA phase (Figs. 2c, d).

FL-Ag/HEA were obtained at 1000 °C (Fig. 2e and Supplementary
Fig. 8b) and the elemental maps of a FL-Ag/HEA NP clearly show the
dispersed FL-Ag on the outer rims of the FeCoNiCuAgPd HEA core
(Fig. 2f). Atomic-resolution HAADF-STEM (Figs. 2g, 2h) exhibit the
0.6 nm thick FL-Ag form coherent interfaces with the HEA core. Low-
maghnification HAADF-STEM images collected on different edge
regions of FL-Ag/HEA clearly demonstrate that the FL-Ag were ran-
domly dispersed on HEA surfaces rather than forming a complete Ag
shell (Supplementary Fig. 10). Supplementary Fig. 11 shows the
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Fig. 1| Aim of this work. a Reaction free energies for NitRR over different
monometals. b Free energy changes of *NO hydrogenation (AG:no) on different
combinations of metal sites in HEA,omo. € Free energy changes of *NO3

hydrogenation (AG-ynos3) on different metal sites in HEAyomo. d The electrocatalytic
activity of designed monometal, HEA},omo, and customized FL-Ag/HEA catalysts
with increased materials entropy.

randomly selected atomic resolution HAADF-STEM images of FL-Ag/
HEA NPs, and they both demonstrate the incomplete FL-Ag on HEA
surfaces. XRD patterns of FL-Ag/HEA/CNFs demonstrate the co-
existence of fcc Ag and fcc HEA crystals (Supplementary Fig. 9). The
clear diffraction spots of (111) and (200) lattice planes of Ag were
revealed by fast Fourier transform (FFT) pattern of FL-Ag/HEA while
the HEA;omo only exhibit the superlattice points for the fcc HEA
(Supplementary Fig. 12). Molecular dynamics (MD) simulated struc-
tural evolution of HEA-FL-Ag interfaces within 8 ps at 1200 °C further
demonstrate that more heat transfer leads to diffusion of atoms from
HEA phase into the FL-Ag through the HEA-FL-Ag interfaces (Fig. 2i-I
and Supplementary Data 1), which was according with the STEM
results. The in-plane (Ex.) and out-of-plane (£,y) strain field maps of
HEA0mo and FL-Ag/HEA obtained by geometrical phase analysis (GPA)
indicate the noticeable changes in lattice strain throughout the surface
region of FL-Ag/HEA (Supplementary Fig. 13). This means that the
overlayer has a new lattice structure (FL-Ag) that is mismatched with
the HEAhomo-

The Ag and HEA atomic columns were further identified via the
statistical parameter estimation theory based on the refined ideal
crystal lattices (experimental section)”>”. The atomically resolved
strain maps of the (111) planes were derived by calculating the dis-
placement of the measured atomic arrangement relative to the theo-
retical positions (Supplementary Figs. 14 and 15). HEApomo exhibits
relatively tiny and uniform strain due to the slightly compressed out-
ermost layer atoms (Fig. 3a). In FL-Ag/HEA (Fig. 3b) because the HEA
unit cell is smaller than that of Ag, the HEA columns show increasing
tensile strain when approaching the HEA-Ag interfaces while the FL-Ag
is compressed compared with the individual Ag phase. The distinct
differences between the strain maps of HEA,omo and FL-Ag/HEA fur-
ther show the unique coherent HEA-Ag interfaces between the outer
FL-Ag and HEA core. The corresponding intensity profiles of HEA/
Aghomo (Fig. 3¢) and FL-Ag/HEA (Fig. 3d) show considerable differences
in the d-spacing of (111) planes for the FL-Ag and HEA core. Three-
dimensional (3D) models and atomic ratios of Fe/Co/Ni/V/Ag/Pd in
HEA/Aghomo and FL-Ag/HEA are shown in Fig. 3e, and the redistribution
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Fig. 2 | Structural characterizations. HAADF-STEM images, STEM-EDS mapping
images, and atomic-resolution HAADF-STEM images of the (a-d) HEA;,omo and

(e-h) FL-Ag/HEA NPs supported on CNFs. Fig. 2d is the enlarged area in 2c. i-1 MD
simulated structural evolution of HEA-FL-Ag interfaces within 8 ps at 1200 °C. The
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red dotted line is the original dividing line between the HEA phase and the FL-Ag,
and the marked blue circles are the diffusion atoms from the HEA phase into the
FL-Ag.

of Ag from FL-Ag/HEA to HEA,omo exhibits consistent atomic ratios, as
measured via inductively coupled plasma optical emission spectro-
metry (ICP-OES, Supplementary Table 1).

X-ray absorption near-edge structure (XANES) spectra (Supple-
mentary Fig. 16) unveil the relatively high valence of Ag in FL-Ag/HEA
but remains in a metallic state. Together with the positive shifts of Ag
3d binding energies of FL-Ag/HEA detected by X-ray photoelectron
spectroscopy (XPS), it indicates that more electron transfer occurs
from FL-Ag to surrounded metal atoms in the HEA phase when com-
pared with those of HEAomo (Supplementary Fig. 17). We further
performed the Pd 3d and Ag 3d XPS depth profiles of FL-Ag/HEA and
HEAnomo- As shown in Supplementary Fig. 18, the Ag 3d XPS depth
profiles of FL-Ag/HEA indicate that with the increased etching depth,
the BEs for Ag® 3d;,, and Ag® 3d;,, of FL-Ag/HEA exhibit positive shifts
(0.3 eV) to relatively higher values, while the BEs for Ag® 3d3,; and Ag°
3ds;» of HEApomo display no shift. Specifically, the results indicate
unique electron states of FL-Ag, which is different from that of Ag of
the HEA phase. Meanwhile, the BEs for Pd 3d XPS of FL-Ag/HEA
emerged at 341.4 and 336.2 eV, which is, accordingly, with that of
HEAomo, demonstrating that the HEA phase is not completely covered
by the FL-Ag. The Pd 3d XPS depth profiles of FL-Ag/HEA and HEA}omo
demonstrate that the BEs for Pd° 3d3,, and Pd° 3d;, in FL-Ag/HEA and
HEAhomo appeared at 341.4 and 336.2 eV, respectively, do not change

regardless of the increased depth. The above results strongly
demonstrate the formation of FL-Ag/HEA structures.

The k*weighted Fourier-transformed (FT) extended X-ray
absorption fine structure (EXAFS) shows that in the R space, FL-
Ag/HEA exhibits prominent peaks at 2.62A, assigned to the
Ag-Ag scattering path, whereas the HEA;omo and Ag foil exhibits
peaks for Ag-Ag at -2.60 and -2.65 A (Fig. 3g). The EXAFS fitting
further shows a quantitative structural configuration of Ag in FL-
Ag/HEA. The Ag-M (M =Fe, Co, Ni, Ag, Pd) bonds in FL-Ag/HEA
contain Ag-Ag/Pd and Ag-Fe/Co/Ni bonds. The coordination
number (CN) of Ag atoms in FL-Ag/HEA is 9.4, whereas the CN of
Ag in Ag foil and HEApomo are 9.9 and 12, respectively. The
detailed fitting parameters are shown in Supplementary Table 2.
The wavelet transform (WT) of K-edge EXAFS spectra (Supple-
mentary Fig. 19) in Ag foils shows a maximum intensity at
-9.0 A%, which is attributed to Ag-Ag bonding. In contrast, the
WT contour plots of FL-Ag/HEA and HEApomo exhibit maximum
intensities at 9.2 and 8.7 A, The Ag-Ag bonds are dominant in
FL-Ag/HEA because of the presence of the FL-Ag, and the Ag in
the HEAomo attenuates the signals of Ag-Fe/Co/Ni bonds. These
results strongly support the contention that the FL-Ag formed on
HEA surfaces due to the quite differences of Ag-Ag bonds in FL-
Ag/HEA and HEAomo.
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NitRR performance

We measured the NitRR performances in a standard three-electrode H-
type cell separated by an ion-exchange membrane (Nafion 117) under
ambient conditions using FL-Ag/HEA/CNFs and HEA,,o/CNFs and Ag/
CNFs directly as an electrode (geometric area=1cm?). The FEs and
yield rates for products were derived from chronoamperometry
measurements (i-t curves) (Supplementary Fig. 20), and quantified by
ultraviolet-visible (UV-vis) spectrophotometry with calibration curves
(Supplementary Figs. 21 and 22). The linear sweep voltammetry (LSV)
curves indicate the significantly enhanced current densities collected
on FL-Ag/HEA/CNFs in 0.5M K;SO4 with 0.1M KNO; (Fig. 4a), and
furthermore, the NH; is undetectable in 0.5M K,SO, without NO*
(Supplementary Fig. 23), demonstrating its high intrinsic activity for
NitRR. FL-Ag/HEA/CNFs exhibit the highest total current density
(Fig. 4b) and partial NH; current density (Supplementary Fig. 24)
compared to Ag/CNFs and HEA,,mo/CNFs. In addition, the LSV curves
of FL-Ag/HEA/CNFs show different slopes in different potential ranges
because of the step-by-step reduction of NO5". Herein, the deoxidation
of NO5;~ to *NO, mainly occurs in the potential range from 0.5 to
-0.15V (region I), whereas the hydrogenation of intermediates occurs
from - 0.15 to - 0.57 V (region II)**%. The LSV results demonstrate the
strong capability of FL-Ag for regulating the NO5™ reduction to *NO,,
which cannot be observed in HEApomo. As shown in Fig. 4c, Ag/CNFs
exhibit high NO,™ FEs low potential, indicating that Ag actively parti-
cipates in NO3;~ hydrogenation to NO,™ rather than NH;. The NH; FEs of
FL-Ag/HEA/CNFs exhibit volcanic-shaped curves with a maximum
value of 92.7% at - 0.57 V vs. RHE without iR compensation, which is
higher than that of HEA;qmo/CNFs (80.8%). HEApomo/CNFs exhibit
relatively high H, FEs in the whole potential range, suggesting the poor
capability for suppressing the HER. H; is the sole gas product deter-
mined by gas chromatography. Such a high FE (NH;) of 92.7% and NH3

yield rate of 0.29 mmol h™! cm™ at very low potential are achieved by
FL-Ag/HEA structures, indicating the key role of FL-Ag for the
NitRR (Fig. 4d).

The control experiment was conducted at the open circuit
potential, NH; is undetectable over FL-Ag/HEA/CNFs as reflected in the
UV-Vis spectra (Supplementary Fig. 25), indicating that NHj is pro-
duced via the electrocatalytic process instead of environmental con-
tamination. The negligible current and NH; yield rate of bare CNFs
(Supplementary Fig. 26) exclude the influence of the support. To prove
whether the NH; produced from the FL-Ag/HEA/CNFs-catalyzed NitRR,
the isotope-labeling validation experiments were performed using
K®NO; and K*NOj; as resources at - 0.57 V vs. RHE over a 2 h reaction
period. Typical doublet peaks of ®NH," and triplet peaks of “NH,*
were detected without any additional peaks (Supplementary
Figs. 27 and 28). In addition, the nearly identical NH; FEs and yield rates
of "NH4" and “NH4" quantified by both the 'H NMR method and
indophenol blue method imply that the detected NH; produced
indeed from the FL-Ag/HEA/CNFs-catalyzed NitRR (Fig. 4€).

The double-layer capacitance (Cgq) estimated via cyclic voltam-
metry measurements of the FL-Ag/HEA/CNFs is 99.63 mF cm™, which
is similar to that of HEApomo/CNFs (89.63 mF cm™) because of the
comparable sizes of these electrocatalysts (Supplementary Fig. 29). FL-
Ag/HEA/CNEFs still exhibits the highest electrochemically active surface
area (ECSA)-normalized Jyps, followed by HEAomo/CNFs and Ag/CNFs
(Supplementary Fig. 30), indicating its high intrinsic activity for the
NitRR. Electrochemical impedance spectroscopy shows the small
charge transfer resistance (R.) recorded on FL-Ag/HEA/CNFs (43.4 Q),
demonstrating the fast NitRR kinetics (Supplementary Fig. 31), which
shows the importance of FL-Ag as they modify the electronic structure
of FL-Ag/HEA. The NitRR performance over FL-Ag/HEA/CNFs was fur-
ther studied at different NO5~ concentrations (50, 100, 500, and
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FEs and yield rates on FL-Ag/HEA/CNFs obtained via UV-vis and NMR spectroscopy
using "NO;™ and *NOs" as the nitrogen sources. f Comparison of the NH; pro-
duction rates on FL-Ag/HEA/CNFs with extensively reported NitRR electrocatalysts
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based on the metal content. The yiled,,,ss Was evaluated by dipping the FL-Ag/HEA/
CNFs catalyst ink on the glassy carbon electrode (GCE) electrode. The catalyst
loading is 0.015 mg, and the mass loading of the active metal component is
0.0023 mg. g Long-term stability test (200 h) of FL-Ag/HEA/CNFs at 75 mA cm™2 in
0.5M K;S0O, containing 0.1M KNOjs in an H cell. Corresponding NH; FEs and pro-
duction rates on FL-Ag/HEA/CNFs during 100 cycles of the electrocatalytic NitRR.
Error bars correspond to the standard deviations calculated by performing three
independent measurements.

1000 mM NO5’, Supplementary Fig. 32). It is reported that achieving a
high ammonia FE is challenging because of the dominant competing
HER at low NO3™ concentrations. Inspiringly, FL-Ag/HEA/CNFs maintain
their high ammonia FE and yield rate at low NO3™ concentrations,
which are ~ 92% and 0.29 mmol h™ cm?, respectively. The mass activity
of FL-Ag/HEA/CNFs was measured to compare its NitRR performance
with that of recently reported advanced electrocatalysts. FL-Ag/HEA/
CNFs exhibits a high NH; FE of 92.7% and an NHj; yield rate of
2.45mmol h™ mgz} (details in experimental section), outperforming
most of the state-of-the-art electrocatalysts and traditional
Haber-Bosch process for NH; production (0.2 mmol h™ mgzl) (Fig. 4f
and Supplementary Table 3)%. FL-Ag/HEA/CNFs also show strong
performance in alkaline electrolytes (1.0M KOH+0.M KNOs),
achieving a high FE of 90. 5 % and yield rate of 0.207 mmol™ cm™
(Supplementary Fig. 33). The long-term stability of FL-Ag/HEA/CNFs in
an H cell was determined by performing 100 continuous electrolytic
cycles, and a current density of 75 mA cm2 at - 0.57 V over FL-Ag/HEA/
CNFs remained stable for 200 h and a > 92% NH; FE and 0.29 mmol h™
cm? was retained (Fig. 4g). The morphology and structure of FL-Ag/

HEA after stability tests remain unchanged, as proven by LSV curves,
EIS spectra, HAADF-STEM, STEM-EDS, Raman, and XRD results (Sup-
plementary Figs. 34-39). As shown in Supplementary Table 4, only the
Fe element (0.011 ppm) can be detected in the electrolyte after the
long-term test, as determined by ICP-OES. The contents of the other
metal elements in the electrolyte were below the detection limit (0.01
ppm), suggesting the extraordinary stability of FL-Ag/HEA.

Relay catalysis mechanism over FL-Ag/HEA

Online differential electrochemical mass spectrometry (DEMS) was
used to capture possible intermediates during the NitRR process on FL-
Ag/HEA (Supplementary Fig. 40). Fig. 5a shows the m/z signals of NO,
(46), NH,OH (33), NO (30), NOH (31), N (14), NH (15), and NH; (16), which
are detected as the dominating intermediates of the NitRR. The NitRR
process on FL-Ag/HEA follows a concerted proton-electron transfer
(CPET) pathway of NO3™ = *NO3 > *NO, > *NO,H > *NO > *NOH > *N >
*NH - *NH, - *NH3 > NH; because of the extremely weak m/z signals of
NH,OH (Supplementary Fig. 41)”. Electrochemical in situ Raman spec-
tra (Supplementary Fig. 42) of FL-Ag/HEA show the emergence of N-H
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characteristic peak (779 cm™) ina 0.1 M NO;" electrolyte?®*’, but no N-H
peaks are detected in the electrolyte without NO3~ (Supplementary
Fig. 43), confirming the proceeded NitRR catalyzed by FL-Ag/HEA. In
addition, no Raman peaks corresponding to Ag oxide or other metal
oxide are observed in the applied voltage range from 0.68 to -1.32V,
indicating the stable structure of FL-Ag/HEA. Furthermore, Supple-
mentary Fig. 44 displays the in situ Raman spectra of FeCoNiVAg/CNFs
without Pd element. There were no characteristic Raman peaks for *NH
species observed in the range of 600-900 cm’, indicating that the Pd
element plays a vital role for promoting the NitRR process.

In situ attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy was further used to identify the absorbed inter-
mediates (Supplementary Fig. 45). The FTIR spectrum acquired at a
reference potential of 0.68V (Er) was used as the reference spectrum
(Rrep). As shown in Fig. 5b, ¢, the peaks at ~3520 and 1670 cm™ are
ascribed to the O-H stretching and bending modes of H,O,
respectively®. The sharp peak centered at 1229 cm™ is attributed to the
desorption of sulfonate (SO5") of Nafion in the potential range from 0.68
to -132V*. The characteristic peaks of H' at ~2045cm™ are only
detected on FL-Ag/HEA, which shows the stronger adsorption of H" on
FL-Ag/HEA than HEA,omo>*%. The characteristic peaks at 3610 and
3520 cm™ are attributed to the O-H stretching vibration of N-OH
intermediates and adsorbed H,O on FL-Ag/HEA surfaces. The con-
tinuous generation of N-OH and consumption of H,O show the high
conversion efficiency from NO3;™ to NH; of FL-Ag/HEA even at more
negative potentials. The O-H peak of adsorbed H,O shifts to a lower
wavenumber at 3350 cm™, showing that more and more OH is generated
on HEAome surfaces. The weak N-OH peak in the FTIR spectrum also
indicates the rapid HER process and hindered the deoxidation process
over HEAnomo- These results proved that the combined HEA-FL-Ag
interfaces can regulate the HER process, boosting the NH3 selectivity.

The presence of the peaks of N-H antisymmetric bending, N-H in-
plane shearing, -NH, wagging, and -NH, rocking modes at 1667, 1444,
1307, and 1105 cm™ proves the generation of NH; (Figs. 5d, €)***. The
peak of the N-O stretching vibration from NO5;~ on FL-Ag/HEA surfaces
starts to appear at a very small potential of 0.58 V>**, In contrast, the
N-O peak begins to appear with a more negative potential of 0.1V,
confirming that the strong NO5™ absorption ability of FL-Ag makes the
NitRR process more favorable on FL-Ag/HEA than HEAomo. In addi-
tion, the upward N-O peak corresponding to the consumption of NO5~
and the downward N-H peak corresponding to the formation of NH;
indicate the conversion from NO;™ to NH;. The N-O asymmetric
vibration mode corresponding to the absorbed NO intermediate
(1589 cm™) exhibits a decreasing intensity at the potential ranges from
0.58 to -0.32V, indicating the continuous generation of the NO
intermediate on FL-Ag/HEA surfaces®*”. Interestingly, the N-O peak
shifts to higher wavenumbers of 1612cm™ when the potential is
negatively increased to - 0.32 V. These peak shifts can be attributed to
the changes in the bonding metal site of NO, intermediates on FL-Ag/
HEA surfaces. No peak shift for N-O was detected on HEA},om0, and
these results indicate the presence of relay catalysis for the NitRR over
different sites in FL-Ag/HEA.

We further used the DFT calculations to unravel the relay catalysis
mechanism on FL-Ag/HEA (“Methods”). The adsorption energies (E,) of
key intermediates (i.e., *NOs, *NO, *NOH, and *NHs) on individual metal
sites in FL-Ag/HEA (Fig. 6a) and HEAomo (Supplementary Note 3 and
Supplementary Fig. 46) were determined, and all E, follow the order of
Ag <Pd <Ni <Co <Fe <V. Therefore, the NitRR pathways were calculated
on representative weak adsorption (Ag and Pd), moderate adsorption
(Co), and strong adsorption (V) sites on the surface of FL-Ag/HEA and
HEAomo- AS shown in Fig. 6b, the energy barrier for *NO; hydrogena-
tion (*NO; to *HNOs) on surface Ag sites of FL-Ag/HEA shows a lower
energy barrier of 0.36 eV than that of HEA},omo (0.45 eV). The existence
of FL-Ag enlarges the Ag-Ag ratios on FL-Ag/HEA surfaces, and the
increased weak adsorption sites promote the *NO; hydrogenation.

However, when the NitRR proceeds to the *NO hydrogenation
step (*NO to *NOH) on Ag sites, it requires a much higher energy
barrier of 0.74 eV for *NO hydrogenation. Interestingly, it is shown that
the *NO hydrogenation occurring on Pd sites of FL-Ag/HEA and
HEAomo are both spontaneous exothermic reactions with much lower
energy barriers of —1.23 and —1.02 eV. Taking FL-Ag/HEA as an exam-
ple, the conversion from*NO5 to *NO occurs on FL-Ag, and then, the as-
formed *NO intermediates migrate from the FL-Ag to the neighboring
Pd site on HEA-FL-Ag interfaces to finish the subsequent hydrogena-
tion and NH3 desorption processes. The in situ FTIR results also con-
firmed the existence of NO binding on the Pd site of FL-Ag/HEA (Fig. 5),
supporting the contention that the NitRR pathways over FL-Ag/HEA
exhibit a relay catalysis mechanism.

For NitRR, the HER is usually considered a competitive reaction,
and actually, the HER is also an important H* source, which is required
for the NitRR in an alkaline environment®, In FL-Ag/HEA, although Ag
sites have the lowest energy barrier for NO;~ hydrogenation than other
metals, and the high H,O cleavage energy barrier at the Ag site
(>1.0 eV) makes it difficult to proceed further *NO hydrogenation to
NH; (Supplementary Note 4 and Supplementary Fig. 46). The elec-
trochemical performance also confirmed that the Ag affords a high
NO, yield rather than NH; yield (Fig. 4). The Fe sites in FL-Ag/HEA are
the main active sites for HER with a small energy barrier of <0.26 eV
(Supplementary Fig. 48). The free energy diagram for the simultaneous
NitRR and HER pathways on FL-Ag/HEA further shows that the HEA
phase could regulate the HER to provide necessary H* while the FL-Ag
uses free H" to promote the NitRR to generate NO,/NO intermediates
(Fig. 6¢). Then, the generated *NO intermediates migrate from the FL-
Ag to the neighboring Pd site on HEA-FL-Ag interfaces with low energy
barriers to finish the subsequent hydrogenation and NH; desorption
processes. The relay catalysis occurs on FL-Ag/HEA by promoting the
NitRR and HER on different active sites, demonstrating the synergistic
effects of the HEA and FL-Ag in ensuring sufficient H* production for
the NitRR (Fig. 6d and Supplementary Fig. 48).

Discussion

We introduce a ‘surface entropy reduction’ strategy to design a FL-Ag/
HEA electrocatalyst for NitRR. FL-Ag/HEA/CNFs exhibit a high NH;
Faradaic efficiency of 92.7%, an NH; yield rate of 2.45 mmol h™ mggl,
and notable long-term stability (>200 h), outperforming most of the
state-of-the-art electrocatalysts and traditional Haber-Bosch process
for NH; production (NH; yield rate = 0.2 mmol h™ mggl). Our experi-
mental and calculation results highlight the importance and advan-
tages of FL-Ag on HEA surfaces to improve the NitRR activity. Using the
HEA and FL-Ag as separate active centers for deoxygenation and
hydrogenation, respectively, relay catalysis can be performed on FL-
Ag/HEA, where the conversion from *NO; to *NO occurs on FL-Ag and
the *NO intermediates migrate to the neighboring Pd site on HEA-FL-
Ag interfaces for subsequent hydrogenation from *NO to NH,.

Methods

Synthesis of FeCoNiVAgPd FL-Ag/HEA and HEA; om0
electrocatalysts

The synthesis procedure was according to our previous work®.
Typically, 0.5 mmol of each metal salt and 2 g PAN power were dis-
solved into 22 g DMF to acquire a homogeneous solution. Afterward,
the metal salts/PAN precursor nanofiber membranes were obtained
via electrospinning (YFSP-T, Tianjin Yunfan Technology Co., Ltd).
The nanofiber membrane was then transferred into the home-built
chemical vapor deposition (CVD) furnace. The heating rate was set as
5°C min™. After pre-oxidation for 3 h, the materials were heated at
1000 °C for 3 h under an Ar atmosphere. The FL-Ag/HEA/CNFs were
obtained after naturally cooling to room temperature. By altering the
calcination temperature, the HEAp,mo/CNFs were successfully
prepared.
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FTIR spectra of (b, d) FL-Ag/HEA/CNFs and (c, €) HEApomo/CNFs during the NitRR.

Materials characterizations

The morphology of the as-synthesized catalysts was examined using
FE-SEM (HITACHI S-4800) and aberration-corrected STEM (FEI-Titan
Cubed Themis G2 300, Thermo Scientific). XAFS measurements were
recorded in transmission mode at the BL14WI1 station in the Shanghai
Synchrotron Radiation Facility (SSRF). The acquired data was pro-
cessed using Athena (version 0.9.26) for background removal, as well
as pre-edge and post-edge calibration. Subsequently, Fourier trans-
form fitting was performed using Artemis. The crystal structures were
determined using an X-ray diffractometer (D8 ADVANCE, Bruker) with
Cu K radiation. Surface chemical states were obtained by XPS (Kratos
Axis supra). The contents of metal elements were measured by ICP-
OES (Agilent 5110). The gaseous and liquid products were examined
using GC (Agilent 7890B) and 'H NMR (Bruker Avance NEO 600).

Quantitatively analysis of surface atomic arrangement

The surface atomic arrangement was quantitatively processed by the
StatSTEM software**?. For the pretreatment of the HAADF-STEM
images with atomic resolution, the statistical parameter estimation
theory was used to quantitatively determine the position of atomic
columns. According to the intensities of the projected atomic col-
umns, the superpositions of Gaussian peaks were generated after fit-
ting the procedure to describe the measured position of atomic
columns and accomplish the preliminary phase identification. To
create the atomically resolved strain maps, the ideal crystal lattices of
Ag and FeCoNiVAgPd HEA phases were preliminarily constructed from
the XRD patterns with detailed Rietveld refinements and the Inorganic
Crystal Structure Database. An atomic column in the unstrained region
could be selected as the reference coordinate. A parameter-
optimization treatment could be utilized to further refine the ideal

lattice parameters by fitting a larger unstrained area surrounding the
selected reference coordinate. Based on the displacement between the
detected position of the atomic column and the theoretical prediction,
the atomical strain maps could be generated by processing the first
derivatives of the displacement vectors.

Electrochemical measurements
The electrochemical measurements were performed in a typical
H-type cell separated by the Nafion 117 membrane (183 pm), and the
tests were collected by an electrochemical workstation (Autolab,
PGSTAT302N). The as-prepared samples, saturated calomel electrode
(SCE), and graphite rod were used as working electrode (WE), refer-
ence electrode (RE), and counter electrode (CE), respectively. The
Nafion 117 membrane was pre-treated according to the literatures®. For
the test, a 40 mL solution containing 0.5M K,SO, and 0.1M KNO3
(pH=8.2+0.02, resistance =8.81+0.37 Q) was used as the cathode
and anode electrolyte. Before each test, the compartments were
saturated by Ar, and the RE was calibrated. The potentials versus SCE
(Escp) were transformed into the potentials versus RHE (Egyg) through
the equation of Egye = Esce +0.244 + 0.059 x pH. The LSV curves were
collected at a scan rate of 5mVs™ without iR-compensation. The
electrochemical active surface area (ECSA) was determined by
ECSA=Cy/C, )
where the Cq and C represent the electrochemical double layer
capacitances (C4;) and specific capacitance value (0.04 mF cm™). The
Cq was obtained by

Ca=0qs—Jo)/2v ()
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where the J, and J. are the positive and negative geometric current
density of the CV cycles performed at various scan rates (v). For the
comparison, the mass activity was measured by depositing 5 pL cata-
lyst ink (3 mg catalyst powder, 750 pL isopropanol, 250 pL water, 25 pL
Nafion 117 solution) on the glassy carbon electrode (GCE, 3 mm).
Chronoamperometry was employed for quantitative measurements
and durability assessment.

Electrochemical in situ online DEMS measurements
Online DEMS was conducted using a QASI00 (Shanghai Linglu
Instruments). The electrolyte for the electrochemical cell typically
consisted of Ar-saturated 0.5 M K»SO4 and 0.1M KNOs.

An Ag/AgCl electrode served as the RE, while a platinum wire
acted as the CE, and a GCE modified with FL-Ag/HEA/CNFs functioned

as the WE. A waterproof polytetrafluoroethylene (PTFE) film (Shanghai
Linglu Instruments) with a porosity of >50% and a pore diameter of
<20 nm was utilized. LSV measurements were acquired at a scan rate
of 6 mVs™ over a potential range of 0.09 to - 0.9V vs. RHE for five
cycles to investigate the generated intermediates and products.

Electrochemical in situ ATR-SEIRAS measurements

The ATR-SEIRAS measurements were conducted by a Thermo Nicolet
8700 spectrometer equipped with MCT detector cooled by liquid
nitrogen. The Ar-saturated 0.5 M K,SO4 and 0.1 M KNO; were used as
electrolytes. The Ag/AgCl electrode and Pt wire served as the RE and
CE. For the preparation of WE, after the surface polishing by diamond
suspension and cleaning in ultrapure water by sonication, the Si prism
for IR reflection was covered by Au thin film (- 60 nm) by a chemical
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deposition process”. The data were collected with a spectral resolu-
tion of 1 cm™ and were analyzed by: DR/R = (Rs — Rggr)/ Rgrer, Where Rg
and Rggr. represent the FTIR spectra acquired at working potential and
reference potential, respectively. The spectra collected at - 0.68 V vs.
RHE were taken as the Rggr, while the spectra of Ry were measured
after applying the potential for 5 min.

Electrochemical in situ Raman measurements

The in situ Raman spectra were acquired in a well-designed electro-
lyzer (Beijing Scistar Technology Co., Ltd.) placed in the Raman
spectrometer (inVia) with the laser of 785 nm. 10 mL of Ar-saturated
0.5 M K,SO, or Ar-saturated 0.5 M K,SO4 and 0.1 M KNO; were used as
electrolyte. The Ag/AgCl electrode and Pt wire were used as RE and CE,
respectively. After the gold sputtering, the GCE was loaded with cat-
alyst and served as the WE. Afterward, Raman spectra were collected
after applying the working potentials for 2 min.

Quantitative detection of products

Indophenol blue method and nuclear magnetic resonance spectro-
scopy (*H NMR) were used to determine the NH3 products. For the
typical indophenol blue method, 400 pL mixed solution containing
1.0 M NaOH, 5wt% salicylic acid, and 5wt% sodium citrate, 200 pL
0.05M NaClO, and 200 pL sodium nitroprusside were successively
added to the 2mL of diluted electrolyte after reaction®. After pre-
servation without light for 2h, the absorbance at ca. 655nm was
measured by the UV-vis spectrophotometer (TU-1950). The 'H NMR
spectra were collected by employing AVANCE NEO 600 MHz with
water suppression and 256 scans. The 500 pL electrolyte containing
50 pL DMSO-d¢ was used for the test. To certify the origin of ammonia
products, the isotope labeling method was carried out using the *NO5
and ®NO; as resources. The FE and yield of ammonium were calcu-
lated according to the following equations:

FE=[8F x ¢c(NH, ") x40 mL]/ Q, 3)
yieldge, = [c(NH, ) x40 mL]/(2h x Ag,), 4)
yield e =[c(NH, ) x40 mL]/(2h x mgy, ), )
Mg =M X Wpera) (6)

where F, c¢(NHs"), Q, Ageo, Mcar. and Wmeear is Faraday constant
(96485 C mol™), the concentration of ammonium, total charge of the
reaction, area of the electrodes, and mass loading of the active com-
ponent, and the mass fraction (15.27%) of the metallic components
determined by the ICP-OES (Supplementary Table 1). M is the mass
loading of the catalyst, and for self-supported electrode evaluation,
the M can be determined by analytical balance, while for GCE
evaluation, the M is a constant of 0.015mg ((5pL/1000 pL) x 3 mg).
The mass (M) of the self-supported FL-Ag/HEA/CNFs electrode (1cm?)
is 0.48 mg, and the active metal component mass loading (mc,.) is
0.073mg. According to Egs. 4-6, the yieldge, and yieldmass were
0.29 mmol h™ em™ and 3.932 mmol h™ mgz}, respectively. The M of
FL-Ag/HEA/CNFs on GCE (0.07069 cm?) is 0.015 mg and the m, is
0.0023mg. For GCE evaluation, the yieldge, and yieldmass were
0.079 mmolh™ cm™ and 245mmolh™ mggl, respectively. The
quantitative detection of NO,” was accomplished by the Griess method
using the mixture of N-(1-Naphthyl)ethylenediamine dihydrochloride
(0.08 g), sulfanilamide (1.6 g), H3PO,4 (4 mL, 85%), and ultrapure water
(20 mL) as the Griess reagent™. For the UV-vis tests, 2 mL of tested
electrolyte were diluted to a standard solution containing a certain
amount of K;NO,, which was mixed with 40 pL of Griess reagent. The

absorbance at ca. 540 nm was collected after stewing for 15 min. Gas
chromatography (Agilent 7890B) with a thermal conductivity detector
(TCD) and flame ionization detector (FID) was adopted to determine
the produced H, using Ar as carrier gas. The FE of various products and
the yield for NH,* were derived from at least three independent
measurements.

DFT calculations

Theoretical calculations were carried out using the Vienna Ab-initio
Simulation Package (VASP, ver. 6.4.1). The interactions of valence
electrons were modeled with the projector augmented-wave (PAW)
pseudopotential and the Perdew-Burke-Ernzerhof (PBE) functional
was applied for the electron exchange-correlation descriptions
within the generalized gradient approximation (GGA)*. A cut-off
energy of 520 eV was utilized, with convergence criteria established
at 10~ eV for energy and 0.05 eV/A for forces. The DFT-D4 correc-
tion was implemented to account for van der Waals interactions,
and spin polarization was included to describe the magnetic prop-
erties of the system. We used the (111) surface to model the surface,
modeled by 3 thick layers of metal. Periodic slab models were used
with a vacuum layer of 20 A between slabs to prevent interactions.
Geometric optimization was performed for all adsorbates as well as
the two outermost layers of the slab. A K-point sampling grid of
2x3x1 was employed for all calculations. The free energy change
(AG) for each step of the reaction was calculated using the following
equation:

AG= AE +AZPE — TAS — eU @

The AE denotes the energy variation of the system resulting from each
reaction step, both before and after the process, while AZPE indicates
the change in zero-point energy. AS represents the entropy change
associated with each reaction. During the vibrational analyzes, all slab
atoms were held fixed. (T=298.15K) Here, U is the potential at the
electrode, and e is the transferred charge (U=0V).

Using the stable molecules HNO; and H, in the gas phase
(HNOs(g) and H,(g)) and liquid H,0O (H,O(l)) to fit the calculation of the
energy of ions involved in the reaction, such as NOs and OH. The
calculation formula is as follows™:

AG(*NO3) =G(*NO;) + %G(HZ) — G(*) — Gyqs (HNO3) +0.391 ¢V — eU
()

G(OH")=G(H;0) 3 G(Hy) ©)

The energy of the molecules is calculated in a vacuum of 20 A *
20A * 20 A. The Gibbs free energy of HNOs(g), Hx(g), NHs(g), and
H,O0(I) were obtained through vibrational analyzes, as shown in Sup-
plementary Table 5.

The calculated electronic energies (E), zero-point energy correc-
tions (ZPE), and entropy contribution (TS) for the intermediates
involved in NitRR across various surfaces were provided in Supple-
mentary Tables 6-8. The Gibbs free energies of NitRR, HER, and
NitRR+HER were calculated and presented in Supplementary
Tables 9-11.

Data availability

The experiment data which support the findings of this study are
presented in this article and the Supplementary Information, and are
available from the corresponding authors upon request. The source
data underlying Figs. 1-6 and Figs. in SI are provided as a Source Data
file. Source data are provided in this paper.
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