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Spin-related Cu-Co pair to increase
electrochemical ammonia generation
on high-entropy oxides
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The electrochemical conversion of nitrate to ammonia is a way to eliminate
nitrate pollutant in water. Cu-Co synergistic effect was found to produce
excellent performance in ammonia generation. However, few studies have
focused on this effect in high-entropy oxides. Here, we report the spin-related
Cu-Co synergistic effect on electrochemical nitrate-to-ammonia conversion
using high-entropy oxide Mgy ,C0¢.,Nig»CugZng 0. In contrast, the Li-
incorporated MgCoNiCuZnO exhibits inferior performance. By correlating the
electronic structure, we found that the Co spin states are crucial for the Cu-Co
synergistic effect for ammonia generation. The Cu-Co pair with a high spin Co
in Mgo»Cog»NigCug2Zng 0 can facilitate ammonia generation, while a low
spin Co in Li-incorporated MgCoNiCuZnO decreases the Cu-Co synergistic
effect on ammonia generation. These findings offer important insights in
employing the synergistic effect and spin states inside for selective catalysis. It
also indicates the generality of the magnetic effect in ammonia synthesis
between electrocatalysis and thermal catalysis.

Ammonia is a very important fertilizer and an alternative carbon-free  attractive. Compared with dinitrogen which has limited solubility in
hydrogen carrier'. Currently, ammonia is manufactured from dini- aqueous electrolytes and a strong N =N bond, nitrate, as a pollutant in
trogen and hydrogen via the energy-intensive Haber-Bosch process at  groundwater, is more facile to be reduced due to the high solubility
high temperature and high pressure. This makes the green alternative, and low N-O dissociation energy*®. However, the process of nitrate
i.e., dinitrogen’® and nitrate’ electro-reduction to ammonia, reduction is more complex, consisting of the formation of nitrite, nitric
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oxide, nitrous oxide, dinitrogen, and hydrogen, in addition to
ammonia’ 2. The common strategies for high selectivity towards
ammonia are to optimize adsorption by alloying and vacancy
construction™", impede N-N coupling by dispersing active sites” and
utilize tandem catalysis by hybridization®.

Due to their relatively low cost, 3d transition metal-based catalysts
are intensively investigated for ammonia generation”. Among them,
Cu- and Co-based compounds have promising ammonia generation
performance. Koper et al. demonstrated that Cu reduces nitrate to
nitrite and further to hydroxylamine in alkaline electrolyte’®. Alloying a
second metal such as Zn', Sn*’, or Ni® is a common approach to
modulate the Cu d-band center and the intermediate adsorption
energy to increase ammonia generation. Additionally, due to Cu
inertness towards hydrogen evolution, it can also be used as a matrix
to disperse Ru with low nitrate activation barrier for highly ammonia
selectivity and production?. Introducing oxygen vacancies in metal
oxides like oxygen-rich CuO,*** has also been employed to modulate
the electronic state of active sites and adsorption properties, and
weaken N-O bonding to promote ammonia generation'***, Moreover,
ammonia generation can also be enhanced on the heterojunction by
accumulating reactants', facilitating the formation of specific inter-
mediates, and suppressing byproducts®. For example, the built-in
electric field in TiO,/CuCl can be used to accumulate nitrate and lower
the NO energy barrier'®. Zhang’s group converted CuO into Cu/Cu,0,
making the electron transfer from Cu,O to Cu for facilitating NOH
formation and suppress hydrogen evolution®.

Co is also a good candidate with decent ammonia selectivity".
Indeed, Su et al. developed a Co50,/Ti electrode, which is able to
produce ammonia more efficiently compared to Ti, Cu, and Fe,O3/Ti
electrodes®. Similar to adsorption energy modulation in Cu-based
compounds, Huang et al. found that ZnCo,0, generates more
ammonia compared to Co304, and the charge transfer from Co to Zn
produces electron-deficient Co, thereby lowering the energy barrier
for NO, formation and suppressing hydrogen evolution”. The syner-
gistic effect of Co?" and Co* in Co304 on ammonia generation is
reported. Specifically, Fu et al. found that Co® prefers nitrate
adsorption and Co?* favors the production of H and this dynamic plays
a prominent role in nitrate reduction®. However, Wang et al. also
indicated that on the O-covered Cos0, (311) surface, Co®" interacts
more strongly with H than Co?*, and this stronger interaction impedes
hydrogen evolution®. The hybridization of Cu and Co plays a promi-
nent role in ammonia generation. Specifically, ammonia generation is
enhanced on the CoO/Cu electrode with an interfacial electric field, in
which nitrate adsorption is promoted on the positively charged Cu and
nitric oxide adsorption is suppressed on the negatively charged CoO™.
Such enhancement is also considered due to the synergistic effect
from Cu and Co in the recent work'®*"**, For example, Schuhmann et al.
transformed Cu-Co sulfides into core-shell Cu/CuO, and Co/CoO
phases'®. The Cu/CuO, phases preferentially catalyze nitrate reduction
to nitrite, which is rapidly reduced to ammonia at the Co/CoO shell*.
Though obvious Cu-Co synergistic effects have been observed, few
studies have focused on the Cu-Co synergistic effect in high-entropy
oxides from the perspective of spin states. Spin-related ammonia
synthesis from dinitrogen was recently investigated by Chorkendorff
and Ngrskov et al. using a computational model to explain the elec-
trostatic and spin effects caused by catalytic promoters for enhanced
thermal catalysis yield®. The spin effect on the intermediates adsorp-
tion on the transition metal is also emphasized, for example, high spin
state Co has a weaker adsorption ability to the intermediates®°.

In this work, we experimentally investigate the spin-related Cu-Co
synergistic effect on electrochemical ammonia generation via the high-
entropy oxide Mg >Cog»Nig2Cug2Znp 0 (RS-20) platform. To the best
of our knowledge, this is the first time that high-entropy oxide is reported
for electrochemical nitrate reduction to ammonia, and the catalytic
performance (Faradaic efficiency, FE 99.3%, yield rate 26.6 mg mgc, ' h™)

is among the best in the literature so far. A multi-component platform
disperses the homo-cation for suppressing possible N-N formation
and modulates the adsorption energy of the intermediates.

Mg025C0025Nio.25ZN0250  (RS-0),  Mgo.225C00.225Ni0.225CU0.10ZN0 2250
(RS-10), Lio.10M80.18C00.18Ni0.18CuU0.18ZN0.180 (Li-RS-18),
Lio20Mg0.16C00.16Ni0.16Cl0.16ZMN0.160 (Li-RS-16) and

Lio.30Mg0.14C0014Nip 14CU014ZN0 140 (Li-RS-14) serve as control experi-
ments to demonstrate the significance of Cu in the Cu-Co synergistic
effect, as well as the impact of Co spin states on the synergistic effect. We
find that the Cu-Co pair with a high spin Co in RS-20 facilitates ammonia
generation compared with RS-0 and RS-10. Li incorporation decreases
Co spin state and hence hinder the ammonia generation. We also find
that the valence states of Co, Ni and Cu in RS-20 and Li-RS-16 decrease
slightly after nitrate reduction, and the surface reconstruction can only
be observed within a few nanometer-thick from the surface at some
localized areas of RS-20, and can hardly be observed on Li-RS-16. We
conclude that the coexistence of Cu and Co is crucial for achieving a high
spin state in Co needed for improved ammonia generation.

Results

Materials and ammonia generation

All the synthesized samples RS-0, RS-10, RS-20, Li-RS-18, Li-RS-16 and
Li-RS-14 have a single rock-salt structure (Fm-3m) and no observable
impurity (Supplementary Fig. 1), and their bulk information from
extended X-ray absorption fine structure (EXAFS), X-ray absorption
near edge structure (XANES), O K-edge electron energy loss spectro-
scopy (EELS) and surface information from Co/Ni/Cu X-ray photo-
electron spectroscopy (XPS) can be found in Supplementary Figs. 2-6.
All the linear sweep voltammetry (LSV) curves for testing nitrate
reduction activity and the electrochemical double-layer capacitance
are shown in Supplementary Figs. 7-10 and Fig. 1e. The single rock-salt
Mg0,40Ni0,4ozn0.200 (MNZO) and Mgo_ZSNi0_25CU0,252n0.250 (MNCZO)
were synthesized (Supplementary Fig. 1) and used as references to
emphasize the contribution of Cu-Co towards nitrate reduction.

Figure 1a shows the XRD patterns of typical samples RS-0, RS-20
and Li-RS-16. Due to the Jahn-Teller effect of Cu?* (Fig. 1b), RS-20 has a
weak (200) diffraction peak relative to other peaks. Cu incorporation
increases the intensity ratio I(111)/1(200) from 0.581 (RS-0) to 1.692 (RS-
20). This trend is consistent with reports by Berardan et al.* Li-RS-16
has a stronger (200) diffraction peak and lower intensity ratio I(111)/
1(200) than RS-20, indicating that Li incorporation diminishes the
influence from the Jahn-Teller effect. RS-20 also has a relatively
broader (200) peak than RS-0 and Li-RS-16, which could be caused by
the local disorder induced by the Jahn-Teller effect. The (200) lattice
distance of RS-20 can be observed in the TEM image. The oxide con-
tained irregular microparticles (SEM, Fig. 1d).

As shown in Supplementary Fig. 7, the electrochemical nitrate
reduction activity increases with the increase of Cu ratio, from RS-0,
RS-10 to RS-20, and decreases with the increase of the Li ratio, from
RS-20, Li-RS-18, Li-RS-16 to Li-RS-14. For example, as shown in Fig. 1e,
a more positive onset potential of the electrolyte with nitrate than
that without it can be found on all the catalysts, indicating all the
catalysts are active towards nitrate reduction reactions. The activity
trend presents an order following RS-20 > Li-RS-16 > RS-0 > MNZO
based on both the onset potential and current density in the LSV
curves (Fig. 1e). In addition, RS-20 has a higher activity than MNZO
and the mixed RS-0 / CuO electrodes, indicating the Cu-Co syner-
gistic effect in RS-20 for nitrate reduction (Supplementary Fig. 10).
Considering that the oxides have different electrochemical surface
areas, which is proportional to the electrochemical surface capaci-
tances (ECSCs, Fig. le inset and Supplementary Fig. 8), the inherent
catalyst activities were compared by plotting the current density
normalized by the ECSC. Figure 1f shows that the same activity trend
is also observed when evaluated by the ECSC-normalized current.
Due to the smaller ECSC value of RS-20, the inherent activity of it is
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Fig. 1| Materials characterization and electrochemical test. a XRD patterns of
RS-0, RS-20, and Li-RS-16. b Schematic of the rock-salt structure and Jahn-Teller
distortion caused by Cu?". The TEM image (c) and SEM image (d) of RS-20. e LSV
curves of nitrate reduction on RS-0, RS-20, and Li-RS-16 and their double-layer
capacitance (inset). f Capacitance-normalized LSV curves, and atomic ratio (Cu and
Co) and capacitance-normalized LSV curves (inset) derived from (e). Experimental
condition: The mass loading of 1 mg,yiqe cm™ on the glassy carbon substrate
(geometry area 0.19625 cm?) for LSV tests in Ar-saturated 1M KOH with or without
0.1 M KNO; at a scan rate of 10 mV s with 85% IR correction. The system resistance
of the electrochemical cell containing 1M KOH with and without 0.1 M KNO; is as
follow. RS-0, 4.635 + 0.493 Ohm and 4.367 + 0.523 Ohm. RS-20, 6.26 + 0.230 Ohm
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and 5.812 + 0.138 Ohm. Li-RS-16, 5.802 + 0.135 Ohm and 4.293 + 0.732 Ohm. MNZO,
5.555+0.288 Ohm and 5.135 + 0.191 Ohm. Ammonia production rate (g) and FE (h)
on RS-0, RS-20, Li-RS-16, and MNZO at different applied potentials. The standard
deviations come from at least three independent measurements. Experimental
condition: The mass loading of 1 mgyiqe cm™ on the Toray 090 carbon paper
(1.5 x 1.5 cm?) for nitrate electrolysis at the designed potential for 30 min in a H-cell
with FAA-3-PK-130 anion exchange membrane (FUMA-Tech) separating two
chambers. Each chamber had 18 mL of 1M KOH and 0.1 M KNO; electrolyte satu-
rated with Ar. The system resistance of the electrochemical cell containing 1M KOH
and 0.1 M KNO; is as follow. RS-0, 0.861 + 0.112 Ohm. RS-20, 0.828 + 0.074 Ohm. Li-
RS-16, 0.802 + 0.130 Ohm. MNZO, 0.896 + 0.107 Ohm.
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even more superior than others. The same activity trend remains
after normalizing the current density by the total atomic ratios of Cu
and Co in the chemical formula (Fig. 1f inset).

To compare the ammonia production rate and FE of these oxides,
various potentials were applied from —0.05 to -0.45V (Fig. 1g and
Supplementary Fig. 11) and the ammonia concentration was deter-
mined by the UV-vis spectrophotometer (Supplementary Fig. 12). The
ammonia production rates show the same trend as the nitrate reduc-
tion activity (i.e., RS-20 > Li-RS-16 > RS-0 > MNZO). An obvious gap
occurs at —0.05 V. RS-0 shows a higher ammonia production rate than
the reference MNZO, indicating that Co is indispensable. Moreover,
RS-20 (1.17 mg mgc,. ' h™) increases the ammonia production rate by
almost 60 times compared to RS-0 (0.019 mg mg.,.*h™); however,
incorporating Li decreases ammonia production rate by more than 14
times to 0.081 mg mg.,. ' h™. This result indicates that the coexistence
of Cu and Co is important for maintaining a high ammonia production
rate at a relatively low overpotential, and this ammonia production
rate can be deactivated by incorporating Li. The ammonia production
rates of RS-0 and Li-RS-16 begin to increase remarkably at -0.15V and
reach close to that of RS-20 at —0.35V (3.42 mg mg.,. ' h™ on RS-0,
4.84 mg mg., h™ on RS-20, 3.88 mg mg ., h™ on Li-RS-16), although
they remain lower than that of RS-20. The FE order of these oxides is in
accordance with their respective ammonia production rate. The FEs of
these oxides do not increase monotonically with decreasing applied
potential and they peak at -0.35V and then decrease at —0.45V. At
-0.05V, RS-0, RS-20 and Li-RS-16 show 33.6%, 72.5% and 51.2% in FE,
respectively. At —0.35V, the FEs of RS-0, RS-20, and Li-RS-16 are 81.8%,
93.4% and 86.7%, respectively. This is due to the competition between
ammonia production and the parasitic HER. The obvious HER in the
absence of nitrate can be observed, particularly on RS-20. When the
applied potential decreases to more negative than the HER thermo-
dynamic potential, the HER is more favored due to its larger charge
transfer coefficient for HER than that of *NO hydrogenation. As this
disfavors ammonia production, the ammonia FE drops dramatically,
particularly observed in those transition metals with a high HER
activity, such as Ni. This phenomenon is also reported in other
reports”’”*. Therefore, our results on nitrate reduction and ammonia
generation demonstrate that RS-20 (4.84 mg mg.,. ' h™, FE 93.4%, at
-0.35V) exhibits excellent performance in converting nitrate to
ammonia. For the ammonia generation contribution from Ni, Mg and
Zn, the pure Ni catalyst is reported to be almost inactive for nitrate
reduction in alkaline® where nitrogen is the main product of nitrate
reduction on Ni-platinized electrode®™. As Mg* (2s22p°) and Zn**
(3s23d") have fully occupied orbitals, their contributions were limited.
Because these oxides have medium/high entropies, similar cation
species like Ni and even intercalated Mg?* and Zn*" are well dispersed,
which promotes single-atom catalyst (SAC)-like configurations,
impeding dinitrogen formation and hydrogen evolution, thus enhan-
cing ammonia selectivity”. It is reported that the electrochemical
reduction of NO intermediates can lead to NH; and N,"*°. Therefore,
to facilitate the generation of ammonia instead of nitrogen, inhibiting
N-N coupling on the catalyst surface is necessary. The high-entropy
oxides have dispersed or isolated homo-cations, which could play a
similar role in inhibiting the N-N coupling, similar to SACs. SACs usually
possess high selectivity toward specific products and maximum atom
utilization efficiency and quantum size effects*’. On SACs, the transi-
tion metal atoms are dispersed, which minimizes possibility of the N-N
coupling from two mono-nitrogen moieties on adjacent sites, which
eventually inhibits N, formation and in turn promotes the NHj;
selectivity™*’. Compared to SACs, the high-entropy oxides have
abundant catalytic sites and high stability, which is beneficial to
overcome scaling relation limitations of adsorption energies. They are
also treated as potential next-generation catalysts*. Our design takes
into consideration the poor binding of H to Cu, which contributes to
the selective ammonia formation®.

Electronic state

Although Cu incorporation seems to increase ammonia production
rate due to the synergistic effect between Cu and Co, the mechanism
behind Li-induced deactivation remains unclear. As catalytic perfor-
mance is highly related to the intrinsic properties of catalysts®, it is
necessary to investigate changes in local structure and valence state.
The EXAFS spectra (Supplementary Fig. 2) demonstrate similar struc-
ture for all the synthesized high-entropy samples. The only exceptions
are the shorter Co-O bond distance for samples with Li-incorporation.
As displayed in EXAFS spectra (Fig. 2a), RS-0 and RS-20 have the Co-O
peak positions at 1.72 A and 1.69 A, respectively, while the Co-O peak
position in Li-RS-16 decreases to 1.47 A. It indicates that the Li incor-
poration causes the dramatic decrease in Co-O length. Contrasting
with the Co-O length, small decreases in Ni-O, Cu-O, and Zn-O bond
lengths are observed in Li-RS-16 (Figs. 2b, 2c and Supplementary
Fig. 2d). Li incorporation changes metal-metal peak positions slightly
and weakens the Co/Ni/Zn-metal peak intensity (Figs. 2a, 2b, Supple-
mentary Fig. 2d), but intensifies the Cu-metal peak (Fig. 2c). The
weaker Co/Ni/Zn-metal peaks can be attributed to the substitution of a
lighter element Li*’. The stronger Cu-metal peak suggests that Li can
diminish the local structure disorder caused by the Jahn-Teller effect
on Cu.

To measure the bulk valence state, the normalized px value 0.5 in
XANES are used, with a higher energy indicating a higher valence state.
The Co valence states are estimated from the extrapolation of linear
fitting the valence and energy at px value 0.5 of CoO and Co30,4 and
these values can be found in Supplementary Fig. 4. The Co valence
state does not change obviously with the increasing Cu ratio, but it
increases obviously after Li incorporation. RS-0 and RS-20 have similar
Co valence states with commercial CoO while Li-RS-16 has a higher Co
valence state (~2.39, Fig. 2d and Supplementary Fig. 4). This result is
not consistent with that reported by Osenciat et al.** Based on TGA and
XPS results on Li,[MgCoNiCuZn];—O, they reported that when the Li
fraction is lower than 1/6, charge compensation occurs via the transi-
tion from Co* to Co™, and when the Li fraction exceeds ~0.21, oxygen
vacancies form**. Because the Co valence state in Li-RS-16 is insuffi-
cient to compensate for the change of charge caused by incorporating
monovalent Li, it means that other transition metals or oxygen could
be oxidized. The energy shift after Li incorporation from Ni K-edge
XANES can hardly be observed (Supplementary Fig. 3b). Additionally,
although the slight energy shift in Zn K-edge after Li incorporation can
be observed (Supplementary Fig. 3d), the increment in Zn valence
state cannot be concluded due to the stability of Zn**. O K-edge EELS
was used to probe the oxidation state of oxygen®. Figure 2f shows that
Li-RS-16 has a very prominent oxygen pre-edge at 529.3 eV compared
with RS-0 and RS-20. This emergent pre-edge in Li-RS-16 can be
attributed to holes in the oxygen orbitals, suggesting that the oxygen
could be oxidized®. X-ray photoelectron spectroscopy (XPS) results
showed no obvious change in the O 1s profile (Fig. 2g). In RS-20, for
example, the peaks at 529.7 eV, 531.3 eV, and 532.7 eV are attributed to
the oxygen atoms bound to metals, defect sites with low oxygen
coordination, and hydroxyl groups or surface-adsorbed oxygen*.
Though oxygen vacancy is observed, the difference between these
oxides is not significant. In addition, no obvious change is observed in
the XPS results of Zn and Mg (Supplementary Fig. 13). Thus, Li incor-
poration causes the coexistence of Co*®, Ni****, oxygen with holes,
and oxygen vacancy.

The decrease in Co-O bond length (Fig. 2a) and the increase in Co
valence state (Fig. 2d) in Li-RS-16 could decrease the Co spin state (i.e.
Co* radius 0.525 A, low spin; Co* radius 0.735 A, high spin)*’. Co 2p
XPS results confirm this assumption (Fig. 2e). An obvious change can
be observed from the Co 2p;/, main peak. Specifically, RS-0 has two
peaks at 780.2 eV and 785.0 eV in the Co 2ps,, spectra, which can be
assigned to Co*" and the satellite peak*s. Compared with RS-0, RS-20
has another valence state fraction at ~782.2 eV, which could be due to
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the appearance of Co*. The Cu-induced appearance of Co** has been
reported by Meisenheimer et al.*’ The relative binding energy of Co*
and Co* is under debate; specifically, the satellite peak is considered a
more efficient tool to access the cobalt valence state than the binding
energy of the main peak itself*. In Li-RS-16, Co** and a peak at ~781.2 eV
can be observed, which could be ascribed to a higher valence state of
Co, combining the XANES results. More importantly, the Co*" satellite
peak disappears and a weak hump appears at ~790 eV, confirming the
existence of Co***°, For the spin state, high spin Co?" normally exhibits
a rather strong satellite at about 5 eV higher in binding energy at the
main peak, while low spin Co?" shows a satellite structure that is less
intense and less well resolved®*?, Because Li-RS-16 shows no high spin
Co?* satellite peak but merely a weak hump corresponding to Co*, we
consider it as the lowest spin state among these samples. Such dis-
appearance of satellite peaks is also observed in Li-RS-14, and only
trace satellite peak signal can be observed in Li-RS-18 (Supplementary
Fig. 5). This spin change caused by Li incorporation is also supported
by the vibrating-sample magnetometry (VSM, Supplementary Fig. 14)
and soft X-ray test on Co/Ni/Cu L-edges and O K-edge (Supplementary
Fig. 15). More discussion can be found in the description of Supple-
mentary Figs. 14, 15. Thus, Li incorporation changes the Co spin state
from high spin (RS-20) to low spin (Li-RS-16). This change in the Co
spin state could cause the decrease in ammonia generation in Li-RS-16
compared with that in RS-20.

Materials after nitrate reduction

Another important issue is whether surface reconstruction occurs
after nitrate reduction to confirm the stability of the catalyst and the
origin of the catalytic activity. The surface change of RS-20 and Li-RS-

16 at —0.35 V for 30 min were first observed by TEM. From the HRTEM
images of RS-20 after nitrate reduction (Supplementary Fig. 16a-c),
the obvious lattices can be observed at different positions and no
reconstruction occurs at the surface. The TEM-EDX mapping does
not indicate obvious change in the element distribution (Supple-
mentary Fig. 16d). However, EDX line scans show the higher con-
centration of Co, Ni and Cu at the surface (Supplementary Fig. 17a),
compared with RS-20 prior to nitrate reduction (Supplementary
Fig. 19), which means the reconstruction occurs at the surface but
only a few nanometers. This surface reconstruction is not uniform,
and it only occur at certain localized positions. There is a higher
concentration of Mg, Co, Ni Cu and Zn in Supplementary Fig. 17b,
while there is no obvious overall element concentration change in
Supplementary Fig. 17c. It suggests that the surface reconstruction
indeed occurs during nitrate reduction, but only occurs at the very
localized areas at surfaces, and the reconstruction layer is very thin.
Thus, it can be explained why the HRTEM images and mapping do
not indicate the change. This result is different from the previous
reports on the obvious reduction of CuO, during nitrate
reduction'**=°, It suggests that more negative potential is needed to
reduce the high-entropy oxide Mgp20C00.20Nio20CUp.20ZNp200
during nitrate reduction. In Li-RS-16 after nitrate reduction, HRTEM
and TEM-EDX mapping show good crystallization and element dis-
tribution around the surface (Supplementary Fig. 20). Meanwhile,
the EDX line scan did not indicate such element distribution changes
at the surface of Li-RS-16 after nitrate reduction (Supplementary
Figs. 21, 22), compared with Li-RS-16 prior to nitrate reduction
(Supplementary Fig. 24). Thus, during nitrate reduction, the surface
reconstruction is restricted at few nanometers from the surface of
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RS-20, and cannot occur at other oxide surfaces. We cannot conclude
that the local surface reconstruction determines the high ammonia
generation performance in RS-20 yet, while Li incorporation can be
proved to inhibit the surface reconstruction.

The valence state and structure after nitrate reduction are further
revealed by XANES and EXAFS spectra (Fig. 3). XANES results show that
the Co/Ni/Cu K-edges shift to the lower energy direction, indicating
the decrease of the Co, Cu and Ni valence states after nitrate reduction.
The decrease of EXAFS peak intensity after nitrate reduction demon-
strates that the structure becomes less ordered. For Co, according to
the fitting of valence states and energies in Supplementary Fig. 4, the
valence states of Co in RS-20 and Li-RS-16 decreases from 1.94 to 1.67
and 2.39 to 2.14, respectively. In Fig. 3b, no metallic Co is observed by
comparing the Co EXAFS results between our catalysts after nitrate
reduction and Co foil. When similar analyses are applied to Ni and Cu,
the slight reduction can be observed, and no metallic Ni/Cu signal can
be found (Fig. 3c-f). In addition, the Cu,O pre-edge at 8983.7 eV in
XANES is not observed after nitrate reduction (Fig. 3e). It indicates that
even though Cu,0 and Cu are formed after nitrate reduction, the ratio
was very low. Thereafter, we used EELS to probe the electronic states
of Co and Ni and Cu at different locations of the bulk and surface
before and after nitrate reduction (Supplementary Figs. 25-28). We
found that the Co on the surface is easier to be reduced than that in
bulk after nitrate reduction (Supplementary Fig. 29), and the reduction
of Cu and Ni is hardly observed. These results are in consistent with the
XANES results that the reduction of Cu and Ni is slight. More detailed
discussion can be found in the description of Supplementary Fig. 29.
We also discuss the stability from the aspects of Gibbs free energy
(Supplementary Table 1), standard reduction potential (Supplemen-
tary Table 2) and Pourbaix diagrams, and list some cases of the
reduction of Cu compounds during or after nitrate reduction (Sup-
plementary Table 3).

Isotopic labeling and durability

Isotopic labeling using 'H NMR confirmed that the ammonia was
produced from nitrate electroreduction on RS-20 rather than con-
tamination (Fig. 4a). The samples were prepared by applying fixed
potentials for 2h. The chemical shift at 6.3 ppm was used as the
internal standard®®. Double peaks appear at the chemical shift at 7.09
and 6.94/6.95 ppm when using ®NO5™ as the reactant at —0.35 and
-0.25V, while triple peaks appear at 7.12, 7.02, and 6.91 ppm when
using *NO; as the reactant'>". The ammonia produced under -0.25V
and -0.35V are consistent comparing the test results by UV-vis spec-
trophotometry and NMR measurement (Fig. 4b). The nitrate con-
centration response on RS-20 was also evaluated from 0.01, 0.05, 0.1
to 0.5M at -0.35V (Fig. 4c). The results show that ammonia produc-
tion rate increases from 0.59, 2.77, 5.88 to 14.68 mg mg.,. - h™ with the
increasing nitrate concentrations. FEs increase from 34.8%, 82.2% to
93.4% when nitrate concentration increases from 10, 50 to 100 mM,
respectively, and remain at 93.4% at 0.5 M. This suggests that the
higher nitrate concentration can significantly facilitate the ammonia
production rate in this system, while the positive effect on FE is only
obvious when the nitrate concentration is no higher than 0.1 M. The
durability of RS-20 in nitrate reduction was evaluated by 20 con-
secutive electrolysis in a H-cell reactor under -0.35V (the best FE
condition, Fig. 4d). All ammonia production and FEs remain relatively
stable, above 5.65 mg mg.,. " h™ and at least 85.18%, which suggests the
excellent stability of our catalyst. It is worth noting that the ammonia
production rate (5.65 mg mg.,. ' h™) in the durability test is higher than
4.84 mgmg., " h™ in the previously mentioned potential-determined
ammonia production rate in Fig. 1, while the FE 85.18% is lower than
that in potential-determined FE (93.4%). This suggests that the pre-
conditioning of the electrode is important for ammonia generation.
Our ammonia generation performance is comparable to other works
(Supplementary Table 4) in the alkaline solution.

Flow cell test

Due to the mass transport limitation of the reactant supply and pro-
duct dissipation, the most recent work by Tarpeh et al. has demon-
strated that under a mass transport limitation with a sufficiently
negative potential, they enhanced the mass transport by increasing the
flow rate (from 10 to 100 mL min™) in a flow cell and thus promote the
nitrate reduction activity but lower the ammonia selectivity”. In our
work, to further improve the ammonia production performance, the
flow cell was also employed (Fig. 5a, electrolyte flow rate 5mL min™,
more information can be found in Methods-Flow cell test). Figures 5b,
¢ compare the ammonia production performance in the H-cell and the
flow cell with 1M KOH and 0.1M KNOj; using RS-20 catalyst. The
ammonia production increases with the increasing overpotential,
showing the same trend as that in H-cell. Meanwhile, the flow cell
achieves a higher ammonia production rate (10.06 mgmg.,'h™ at
-0.4V, FE 66.4%) than the H-cell (Fig. 5b) as a result of the enhanced
mass transfer. Different from the trend of ammonia yield rate, the FEs
increase first and then decrease with the increasing overpotential. The
peak value appears at a more positive potential of —0.2 V, and the peak
ammonia FE and yield rate values (99.3%, 5.05mgmg., 'h™) are
higher in the flow cell than that in the H-cell (Fig. 5¢). The promotion of
both the ammonia selectivity and ammonia production rate is likely
due to the enhanced mass transport of both nitrate ions and ammonia
products. The more positive peak potential can be attributed to the
fact that the HER is also facilitated in the flow cell. In addition, the
improvement in ammonia selectivity compared with Tarpeh et al.’s
work could be attributed to the strong binding of nitrite on Co", low
flow rate and less negative potential®’. Figures 5d, e compare the per-
formance in1 M KOH with KNO; of various concentrations. As shown in
Fig. 5d, when the nitrate concentration is below 0.1 M, the ammonia
yield rate reaches a maximum value when the applied potential is
-0.1V. It is worth mentioning that the FE at -0.1V for NOs;RR with
nitrate concentration of only 10 mM can reach 92.8% in the flow cell,
which is significantly higher than the value in the H-cell. This again is a
result of the enhanced mass transport brought by the convection in
the flow cell. Conversely, in the stagnant H-cell, the concentration
gradient in the diffusion layer, which is proportional to the current
density, is limited by the small concentration difference between the
bulk and surface, and the much thicker diffusion layer thickness. Since
the ammonia yield rate is limited with lower nitrate concentration and
the HER rate increases with the decreasing applied potential, the FE will
inevitably drop. The situation differs when the nitrate concentration is
0.5 M. It can be found in Fig. 5e that the FE with 0.5M KNOj; is smaller
than that of 0.1M KNO; when the potential is more positive than
-0.2V. This could be led by obstructed mass transport due to the
increased viscosity of higher concentration KNOj3 electrolyte. More-
over, there is limited FE drop when the applied potential is more and
more negative. The reason might be that the surface is occupied by the
abundant adsorbed nitrate reduction reactant and intermediates, so
that the HER is hindered and therefore the FE towards NOs;RR remains
at a high level. Meanwhile, the increased NO3RR activity as a result of
the high nitrate concentration (as shown in Supplementary Fig. 30) can
simultaneously facilitate the NO3RR over HER. As a result, the ammonia
productionin1M KOH and 0.5 M KNO; electrolyte is still the dominant
reaction with a yield rate up to 26.6 mg mg.,. ' hand an FE of 97.2%
even at an applied potential of -0.4 V.

Density functional theory (DFT) calculation

Based on previous findings that the reduction of NO5™ to NO is ther-
modynamically facile and that the activity and product selectivity and
overall rate for nitrate reduction is determined by the major inter-
mediate NO**>7%8%° we focused on the free energy diagram of NO
reduction to NHs. Due to the great complexity of constructing the real
catalyst surface under real experimental condition, the model was
simplified here to the Co-doped MgO(11l) and (Cu,Co)-doped
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with that in Fig. 1g, f. Each chamber had 18 mL of 1M KOH and various con-
centrations of KNOj3 electrolyte saturated with Ar. The system resistance of the
electrochemical cell containing 1 M KOH and various concentrations of KNOj; is as
follow. 0.01 M KNO3, 0.979 + 0.035 Ohm. 0.05 M KNO3, 0.936 + 0.034 Ohm. 0.1M
KNO;, 0.828 + 0.074 Ohm. 0.5 M KNO3, 0.689 + 0.045 Ohm.

MgO(111) surfaces (Supplementary Fig. 32), see the DFT Models
rationale section below for details. Cu incorporation caused the
increase of Co spin in both one-atom and two-atom doping modes
(Figs. 6a, b). On the most stable Co-doped MgO(111) and (Cu,Co)-
doped MgO(111) surfaces, the Co spin increased from 1.958 on the Co-
doped MgO(111) to 2.158 on the (Cu,Co)-doped MgO(111). The increase
in Co spin was found in all different Co/(Cu,Co)-doped MgO(111)
structures studied (Supplementary Figs. 33, 34). NO adsorption was
stronger on the (Cu,Co)-doped MgO(11) than on the Co-doped
MgO(111) in all four possible NO adsorption structures (Supplementary
Fig. 35). The free energy diagram for all possible pathways of NO
reduction to NH3 on the Co-doped MgO(111) and (Cu,Co)-doped
MgO(11) surfaces were examined (Supplementary Figs. 36-38). The
most stable NO adsorption occurred at the hexagonal closed packed
hollow site, in which the N is bounded to two Co and one Mg on the Co-
doped MgO(111) (surface structure in Fig. 6¢), and with two Co and one
Cu on the (Cu,Co)-doped MgO(111) (surface structure in Fig. 6d). The
minimum energy pathway proceeds from NO* reduction to NOH*,
further to N*, and step hydrogenation of N* to afford NH3; on both
surfaces. The potential limiting step is the reduction of NH,* to NH3* on
both surfaces. At pH =0, the free energy change AG (NH,* > NH3*) on
the Co-doped MgO(111) surface was 0.87 eV, which is higher than
0.59¢eV on the (Cu,Co)-doped MgO(111) surface. This result corre-
sponds with the observation that Cu incorporation promotes ammo-
nia generation. At pH=14, the step from NH* to NH,* becomes
spontaneous, and AG (NH,* > NH5*) becomes 0.04 eV and —0.24 eV on
the Co-doped MgO(11) and (Cu,Co)-doped MgO(111) surfaces,
respectively. In addition, for the (Cu,Co)-doped MgO(111) surface, a
high pH value also facilitated the transition from NO* to NOH*. These
results show that Cu incorporation and a high pH value favor the
transition from NO* > NH5*.

Our results are also consistent with the recent theoretical findings
by Chorkendorff, Ngrskov and Wang® on spin promoted ammonia
synthesis from N, in Haber-Bosch process. The nitrate reduction to

ammonia is a multi-step process, in which there is no N-N dissociation
that occurs in Haber-Bosch process. The activity and selectivity trends
of nitrate reduction on metals can be described by the adsorption
strengths of atomic O and N. Due to the change of adsorbate from O to
N and the intermediates during nitrate reduction, the adsorbate linear
scaling relationships limit the potential maximum activity for single-
site catalysts. In the Cu and Co combination, Cu favors reducing nitrate
to nitrite and Co favors the selective reduction of N* to NH; due to
strong nitrite binding”. The combination of Cu and Co breaks these
scaling relations and reach the optimum point in the volcano plots and
enhance the ammonia generation’. This enhancement from Cu and Co
towards ammonia generation are reported in the alkaline®*° and
neutral electrolyte’”®'. However, in Haber-Bosch process, a gradually
increasing adsorption energy makes the rate determining step of the
reduction of N, to NH; shift from N, dissociation to NH, hydrogena-
tion, and too strong nitrogen binding energy limits the hydrogenation
of NH,*. Recent works by Chorkendorff, Ngrskov and Wang demon-
strate the intermediates N adsorption depends on the spin state®~>,
Take Co as an example, the spin-polarized Co has a weaker adsorption
toward to N and N-N transition state than non-spin-polarized Co*?**. It
means that the high spin of Co lifts the limit of the hydrogenation of
NH, and enhances the ammonia generation. Thus, the recent theore-
tical findings on spin promoted ammonia synthesis in Haber-Bosch
process also support our experimental observation that the higher
spin state of Co facilitates the ammonia generation in the process of
electrochemical nitrate reduction and our calculation results that
higher spin state of Co reduces the barrier from NH, to NH3. Our
results can fall well into the magnetic enhancement effect and be fitted
into the spin promoted ammonia synthesis picture.

In summary, we investigated the influence from spin states on Co-
Cu pair on ammonia generation using rock-salt high-entropy oxides.
Experimental results show a performance trend where RS-20 > Li-RS-
16 > RS-0, which suggests a Cu-Co synergistic effect resulting in high
ammonia generation. The surface reconstruction only occurs within a
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electrode, single side (2 x 2 cm?); leak-free Ag/AgCl/3.4 M KCl electrode as refer-
ence electrode; each potential was hold for 30 min. The system resistance of the
flow cell containing 1M KOH and various concentrations of KNOj is as follow.
0.01M KNO3, 0.377 £ 0.021 Ohm. 0.05 M KNO3, 0.343 + 0.028 Ohm. 0.1 M KNO;,
0.289 +0.012 Ohm. 0.5 M KNO3, 0.295 + 0.034 Ohm.

few nanometer-thick surfaces at some local area of RS-20, and hardly
occurs on Li-RS-16 during nitrate reduction. Electronic state analyses
reveal that the decrease in Co spin state weakens the Cu-Co synergistic
effect. This result shows that the Co spin state should be considered
when designing electrochemical processes for ammonia generation.
Future studies will focus on the Co spin state contribution to ammonia
generation by modulating the coordination environment in high-
entropy oxides where cobalt cations are dispersed and in binary/
ternary oxides where Co-O-Co coupling exists, and finally give a spin-
related guide for high ammonia generation.

Methods

Material synthesis

The oxides Mgo 25C00.25Ni0.25Zn0.250 (RS-0), Mgo20C00.20Nio.20CU0 20
Znp200 (RS-20), Lip20Mg0.16C00.16Nio.16CU016ZM0160 (Li-RS-16) and
MgOAQNiOAQZno_zoO (MNZO) were Synthesized with the SOI'gel
method. All chemicals (lithium nitrate, magnesium nitrate hexahy-
drate, cobalt nitrate hexahydrate, nickel nitrate hexahydrate, copper
nitrate hemi(pentahydrate), zinc nitrate hexahydrate, citric acid, and
urea) were purchased from Sigma-Aldrich. The feeding mole ratio of
metal, citric acid, and urea were 1:2:2. The metal precursors, citric
acid, and urea were dissolved in de-ionized water with diluted nitric
acid under stirring. The solution was kept at ~95°C until the gel
formed and then dried at 170 °C in the oven overnight, followed by

annealing at 1000 °C for 6 h at a 5°C min™ ramping rate and cooling
down naturally.

Material characterization

X-ray diffraction (XRD, Bruker D8 Advance using Cu-Ka radiation) was
used to characterize the crystal structure. Scanning electron micro-
scope (SEM, JEOL JSM7600F) and transmission electron microscope
(TEM, FEI Titan) were used to obtain the morphology and electron
energy loss spectroscopy (EELS). X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific Theta Probe) was used to assess the
electronic state of these oxides, and the binding energy was calibrated
from carbon contamination using C 1s peak at 284.8 eV. The extended
X-ray absorption fine structure (EXAFS) and X-ray absorption near
edge structure (XANES) were studied at the Singapore Synchrotron
Light Source (SSLS), XAFCA beamline. Soft X-ray absorption experi-
ment was also performed at the SUV beamline of SSLS. The vibrating-
sample magnetometry (VSM) tests were carried at room temperature
using Lake Shore 7400 VSM.

Electrode preparation and electrochemical test

The ink was prepared by sonicating the oxide and ECP-600JD with
mass ratio 4:1 in a mixed solution (volume ratio, deionized water:
isopropanol: 5wt% Nafion solution = 3:1:0.1344) until the ink became
homogeneous. The ink was dropped on a glassy carbon electrode
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Fig. 6 | DFT calculations. The most stable (a) Co-doped MgO(111) and (b) (Cu,Co)-
doped MgO(111) surface structures. Gibbs free energy in the minimum energy
pathway of NO reduction to NHz at pH = 0 and pH =14, U = 0.0 V/SHE on the (c) Co-

Reaction coordinate

doped MgO(111) surface and (d) (Cu,Co)-doped MgO(111) surface with the corre-
sponding surface structures.

(diameter 5 mm) for linear sweep voltammetry (LSV) and cyclic vol-
tammetry (CV) test. The mass loading is 1 mgg,iqe cm™ The reference
and counter electrodes are Hg/HgO/1M KOH electrode (0.098V vs.
standard hydrogen electrode, Tianjin Aida) and Pt plate (2 x 2 cm?).
LSV tests were conducted in Ar-saturated 1M KOH with or without
0.1M KNOs at a scan rate of 10 mVs™ with 85% IR correction using
Metrohm Autolab and Biologic SP-150 potentiostats. CV tests for the
double-layer capacitance were conducted in 1M KOH at the scan
rates of 10, 20, 40, 60, 80, and 100 mV s™. All potential mentioned in
the main text is versus the reversible hydrogen electrode (RHE). All
reference electrodes were calibrated by measuring the open circuit
potential (OCP) between the reference electrode and a standard
hydrogen electrode (SHE) (Gaoss Union, China). The electrochemical
impedance spectroscopy (EIS) was conducted in the frequency range
from 100 kHz to 0.1 Hz at open circuit potential with an amplitude of
10 mV (root mean square (RMS)). The system resistance was esti-
mated from the intersection with the real axis in the Nyquist plot. The
standard deviations come from at least three independent
measurements.

Sample preparation for synchrotron test after nitrate reduction
Considering the oxide adhesion to the carbon paper and oxide loading
mass for synchrotron measurement, the ink was prepared by soni-
cating the oxide and ECP-600JD with mass ratio 4:1 in a mixed solution
(volume ratio, deionized water: isopropanol: 5wt% Nafion solution =
3:1:0.1344) until the ink became homogeneous. The ink was dipped
onto both sides of Toray 090 carbon paper and each side dimensions
are 7 x 7 mm?> The total oxide mass loading is 30-40 mgcm™.

Sample preparation for TEM-EELS after nitrate reduction

For observing the change of the surface or bulk and decrease the
disturbance from carbon in TEM observance, we used nickel foam to
replace carbon as the current collector and conductive network. We
imbedded less amount oxide powders into the nickel foam then press
them for a closer contact between oxide powders and nickel foam.
After nitrate reduction, sonicating the imbedded nickel form to obtain
the oxide particles for TEM observation.

Nitrate electrolysis and ammonia quantification by UV-vis
spectra

The Toray 090 carbon paper (1.5 x 1.5 cm?) supported catalyst with a
mass loading of 1mge.iqe cm™ was used for nitrate electrolysis. The
nitrate electrolysis tests were conducted at the designed potential for
30 min in a H-cell with FAA-3-PK-130 anion exchange membrane
(FUMA-Tech) separating two chambers. The reference and counter
electrodes are Hg/HgO/1 M KOH electrode and Pt plate. Each chamber
had 18 mL of 1M KOH and 0.1 M KNO; electrolyte saturated with Ar.
The KNO;5 concentration 0.01, 0.05, 0.1 and 0.5M were chosen for
concentration response to ammonia production. The modified Indo-
phenol blue method was used for ammonia quantification®. 2 mL of
diluted product electrolyte was first mixed with 2mL of 1M NaOH
solution containing 5 wt% salicylic acid and 5 wt% sodium citrate. 1 mL
of 0.05 M NaClO solution and 0.2 mL of 1 wt% sodium nitroferricyanide
solution were added subsequently. After 2 h, the absorption spectra of
the resulting solution were acquired by UV-vis spectrophotometer
(Agilent Technologies Cary 60 UV-Vis) and the absorbance at 657 nm
was taken for calculation.
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Flow cell test

The electrochemical nitrate reduction reaction in a flow cell was con-
ducted in a self-designed polyether ether ketone (PEEK) flow cell
modified from the reference™. The flow cell consisted of the gas,
catholyte and anolyte chambers. The gas and cathodic chambers were
separated by a gas diffusion electrode (GDE) Sigracet 38BC (SGL Car-
bon). The catholyte and anolyte chambers were separated by an
Fumasep FAA-3-PK-130 (Fumatech) anion-exchange membrane (AEM).
The catalyst ink was prepared by sonicating the oxide and ECP-600JD
with mass ratio 4:1 in a mixed solution (volume ratio, deionized water:
isopropanol: 5wt% Nafion solution = 3:1:0.1344) until the ink became
homogeneous. The ink was air sprayed onto Sigracet 38BC (SGL Car-
bon) gas diffusion electrode on the single side. The area of the working
electrode was 2 x 2 cm?, and the catalyst loading was 0.5 mggyige CM ™2
Catalysts loaded Sigracet 38BC (SGL Carbon) gas diffusion electrode, a
leak-free Ag/AgCl/3.4 M KCl electrode (0.204 V vs. standard hydrogen
electrode, Innovative Instruments) and a Pt plate (2x2cm?) were
employed as working, reference and counter electrodes, respectively.
The thickness of the catholyte chamber was reduced to 4 mm only in
our customized design to minimize the system resistance. The anolyte
chamber dimensions are 2 cm x 2 cm x 1cm. Prior to the electrolysis,
Ar gas steam is used to purge the gas out of the electrolyte, 1M KOH
with various concentration (0.01, 0.05, 0.1 and 0.5 M) KNO; to avoid
the possible oxygen reduction reaction. Then, 30 mL electrolyte was
pumped into both the catholyte and anolyte chambers of the flow cell,
respectively, with a flow rate of 5 mL min™ by (LongerPump, BT300-2J).
The catholyte (30 mL) and anolyte (30 mL) were recycled in both
chambers. Meanwhile, the Ar was purged into the gas chamber with a
flow rate of 50 mL min™. The potential was applied at 0.1, 0, -0.1,-0.2,
-0.3 and —0.4V vs. RHE for 30 min, respectively for ammonia
generation.

Isotopic “NO; " labelling test

The nitrate electrolysis was conducted at -0.35V and -0.25V for 2 h.
'H NMR was used to determine the ammonia amount. Firstly, 5 mL of
the product electrolyte was adjusted to pH=2 by adding 0.5M
H,SO,. Then, 40 pL of 0.1g mL™ maleic acid was added as an internal
standard. 0.45 mL of the prepared solution and 0.05 mL of D,O were
mixed in the NMR tube for 'H NMR evaluation (JEOL JNM-ECAS500II
FT NMR System). pH measurements were performed using a Mettler
Toledo 7easy pH Meter (U.S.). Prior to the measurement of the
solutions, the pH meter was calibrated using Mettler-Toledo pH
meter standard buffer solutions of pH 4.01, pH 7.00 and pH 9.21.
Measurement of the pH was carried out on each freshly made solu-
tion prior to experiments.

DFT method

Spin-polarized DFT + U calculations were conducted in this work, and
the detailed method can be found in the Supplementary DFT method.
The Gibbs free energy correction of gas molecules and adsorbed
species was calculated using VASPKIT®? at T=298.15K and P=1atm,
except for gas H,O molecule (T=298.15K and P=0.035 atm). When
the standard hydrogen electrode (SHE) is used as a reference elec-
trode, the Gibbs free energy of (H" + e”) pair at standard conditions
(pH=0, T=298.15K, and P=1atm) is equivalent to that of 2 H, in the
gas phase®. At a pH different from 0, the Gibbs free energy of (H" +¢")
pair can be adjusted by the concentration dependence of the entropy,
using the formula: G(H" + &)y = G(H' + € ) pp—o + kg T In(10)pH*>**.

DFT models

Because the role of Mg, Ni, and Zn in stabilizing the structures of
HEOs was deduced from experimental results, MgO was used to
represent (Mg,Ni,Zn)O HEO in this theoretical investigation.
Therefore, here, the Co-doped MgO(11) and (Cu,Co)-doped
MgO(111) were used to represent the Mgg »5C00.25Nip25Zng 250 and

Mg .20C00.20Nio20CUp.20ZN0 200 surface, respectively. The lattice
constant of MgO was calculated to be 4.234 A, which is close to the
experimental value (4.21 A)%. A p(3x3) MgO(111) surface model with
ten atomic layers was constructed first, where the top six layers
including adsorbates were allowed to relax, and the bottom four
layers were fixed in their bulk position, as shown in Supplementary
Fig. 32. The vacuum region between periodically repeated slabs was
set at 15 A. In the Co-doped MgO(111), two Mg atoms of the first and/
or second layer were replaced with two Co atoms. In the (Cu,Co)-
doped MgO(111), two Mg atoms in the first and/or second layer
around the Co dopants were replaced by two Cu atoms.

DFT models rationale

Experimental results show that the Mg, Ni, and Zn in HEOs are not
active sites but rather play a role in stabilizing HEO structures. In DFT
simulations, the Hubbard+U correction (DFT+U) need to be
employed to describe strong electron correlation effects in NiO and
ZnO, but it is not required in MgO. Therefore, to simplify DFT simu-
lations of (Mg,Ni,Zn)O HEO, we used MgO, taking into account com-
putational efficiency and methodological accuracy. In addition, there
are two reasons for the choice of MgO(111): (1) in our experiments, pH
is close to 14. It was reported that the hydroxylated (111) surface has a
lower surface energy than MgO(100) and MgO(110)°. (2) The MgO(111)
surface model (with a specific termination) we used in this work has
been well studied in the literature®”. On the MgO(111) surface, all pos-
sible substitutional sites of Cu and Co dopants were calculated (Sup-
plementary Figs. 33, 34), including the surface and subsurface, and the
most stable structures were then chosen to represent the experimental
electrocatalysts.

Data availability
Additional data are available from the corresponding author upon
request.
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