nature communications

Article https://doi.org/10.1038/s41467-024-51256-2

Integrated electrocatalytic synthesis of
ammonium nitrate from dilute NO gas on
metal organic frameworks-modified gas
diffusion electrodes

Donglai Pan®", Muthu Austeria P2, Shinbi Lee?, Ho-sub Bae ®", Fei He?,
Geun Ho Gu®?2 & Wonyong Choi ®2

Received: 15 January 2024

Accepted: 2 August 2024

Published online: 22 August 2024

The electrocatalytic conversion of NO offers a promising technology for not
only removing the air pollutant but also synthesizing valuable chemicals. We
design an integrated-electrocatalysis cell featuring metal organic framework
(MOF)-modified gas diffusion electrodes for simultaneous capture of NO and
generation of NH4;NO5 under low-concentration NO flow conditions. Using 2%
NO gas, the modified cathode exhibits a higher NH," yield and Faradaic effi-
ciency than an unmodified cathode. Notably, the modified cathode shows a
twofold increase in NH," production with 20 ppm NO gas supply. Theoretical
calculations predict favorable transfer of adsorbed NO from the adsorption
layer to the catalyst layer, which is experimentally confirmed by enhanced NO
mass transfer from gas to electrolyte across the modified electrode. The
adsorption layer-modified anode also exhibits a higher NO5™ yield for NO
electro-oxidation compared to the unmodified electrode under low NO con-
centration flow. Among various integrated-cell configurations, a single-
chamber setup produces a higher NH,NO; yield than a double-chamber setup.
Furthermore, a higher NO utilization efficiency is obtained with a single-gasline
operation mode, where the NO-containing gas flows sequentially from the
cathode to the anode.

M Check for updates

As a major air pollutant, nitric oxide (NO) causes environmental issues
such as photochemical smog, acid rain, particulate matter and ozone
generation' >, To control NO emission, the selective catalytic reduction
(SCR) process has been widely utilized to convert NO to harmless
dinitrogen*’. However, such SCR process requires large amount of
ammonia (NH3) or hydrogen (H,) gas as a reductant for NO
conversion®’. Meanwhile, NH3 is an indispensable component of
nitrogen fertilizer, a vital chemical for both agriculture and chemical
industry, and an important hydrogen-carrier'®'?. Therefore, using
valuable NHj; to treat NO-containing waste gas should be replaced by a
more resource-efficient method. Owing to an intermediate valence

state of nitrogen, NO would be a promising reactant for generating
valuable nitrogenous products such as ammonia, nitric acid, and
ammonium nitrate through either reduction or oxidation. At present,
the Haber-Bosch process and the Ostwald process are widely used in
the industrial production of ammonia and nitric acid, respectively”™.
However, both processes consume a large amount of energy and emit
substantial CO, and other pollutants.

The recent development of the electrochemical conversion of
nitrogenous species should provide an alternative solution and its
synergistic coupling with CO, reduction provides a promising strategy
for the generation of ammonia and valuable nitrogen-containing
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organic compounds™ . While the catalytic conversion of N is highly
restricted due to the presence of the strong triple bond (N=N, 948 kJ/
mol), the N=0 bond (204 kJ/mol) in NO with a much lower binding
energy than the N=N triple bond can be more easily activated to be
converted to ammonia and nitric acid®**. In addition, utilizing NO in
waste gas should alleviate the environmental problems associated with
NO emission***, Electrocatalysis is being intensively investigated as an
environment-friendly conversion method and a series of electro-
catalysts and electrodes have been applied to NO electro-conversion
via reduction or oxidation** In addition, the development of highly
efficient single-atom catalysts further propelled the advancement in
the field of NO electrocatalytic conversion®**, To date, most of NO
electrocatalysis conversion studies have used pure NO gas as the
reactant to generate ammonia***’ whereas the concentrations of NO in
various emission sources and waste gas are very low. In addition, the
low solubility of NO in aqueous solution causes low mass transfer
efficiency®®, which further limits the NO electrocatalytic conversion.
To overcome the NO mass transfer limitation at the reaction interface,
the configuration of the electrode design could be referenced from the
oxygen reduction reaction (ORR) and carbon dioxide reduction reac-
tion (CO2RR) that uses gas diffusion electrodes (GDEs)***. However,
the utilization of low-concentration NO gas still remains a great chal-
lenge for electrocatalytic NO conversion. Even with the application of
GDEs, it is difficult to concentrate NO from gas phase onto the reactive
interface. In this context, metal-organic frameworks (MOFs) offer a
promising solution for enriching low-concentration gases. With their
porous structure and large surface area, MOFs are widely applied to
gas adsorption, separation and purification**%, Some MOFs such as
UlO-66, HKUST, MOF-74 in which unsaturated metal sites play a key
role, were reported to have a high capacity for NO capture* %
Accordingly, combining MOFs with GDEs can be proposed as a feasible
strategy for enhancing the electrocatalytic conversion of low-
concentration NO.

In this work, an integrated electrocatalytic conversion of NO is
proposed for the production of ammonium nitrate by directly using
dilute NO containing waste gas, which couples both NO electro-
reduction reaction (NORR, Eq. 1) and electro-oxidation reaction
(NOOR, Eq. 2) in one cell. To improve the NO mass transfer from the
gas phase to the electrolyte in a low NO concentration gas flow, a
MOFs-modified hybrid GDE (MOFs-GDE) was prepared for NO cap-
ture and electro-conversion. A series of NORR and NOOR tests con-
firmed that MOFs-GDE loaded with Cu (for NORR) and Ni/NiO (for
NOOR) catalysts showed higher NH," and NO3™ generation yields and
higher Faradaic efficiencies (FE) than the bare GDE in both 2% NO and
20 ppm gas flow. The experimental and theoretical analysis of NO
adsorption properties supported that NO can transfer from the gas
phase to the electrolyte through the MOFs-GDE layer. The integrated
NO electrolysis cell with the bifunctional MOF-GDEs provides a
promising solution for NO removal with the concurrent production
of ammonium nitrate as a valuable resource (Eq. 3). While the typical
SCR process for NO removal consumes ammonia as a reagent, the
present integrated electrochemical conversion for NO removal gen-
erates ammonium nitrate as a value-added product on the contrary.
This is a representative example of waste-to-resource conversion for
circular economy.

NORR:NO+6H* +5¢~ — NH,* +H,0 )
NOOR:NO +2H,0 — NOj; +4H" +3e” 2

Overall Integrated Reaction: SNO +7H,0 — 5NO3 +3NH, " +2H"
3

Results

Cathode GDEs for NO electro-reduction

Figure 1a illustrates the hybrid GDE combined with the catalyst layer
(copper nanowire, Cu NWs) and the MOFs layer on the carbon paper
(CP), which was designed for the capture and the subsequent electro-
conversion of low-concentration NO gas. In this hybrid structure, the
MOFs layer on carbon paper captures and adsorbs NO from waste gas,
and the catalyst layer converts NO. Figure 1b, the XRD patterns for CP/
Cu NWs display that the broad peak around 25° corresponds to the
commercial carbon paper ((002) face for graphitic carbon®) and other
three diffraction peaks at 43.3°, 50.4° and 74.0° are indexed as the
(111), (200) and (220) facet of Cu NWs (PDF#65-9026). The XRD
spectra of the pristine Cu NWs and Cu NPs exhibit the similar diffrac-
tion peaks, indicating the same crystal facet for both Cu NPs and Cu
NWs (Supplementary Fig. 1a). Compared with the CP/Cu NWs, some
additional diffraction peaks appeared in the range of 2.5° to 50° for
UIO-66/CP/Cu NWs, ZIF-8/CP/Cu NWs and ZIF-67/CP/Cu NWs, which
are ascribed to UlO-66, ZIF-8 and ZIF-67. The XRD patterns of CP, pure
MOFs, and the MOFs-loaded CP are also compared (Supplementary
Fig. 1b). The XRD patterns for UlIO-66, ZIF-8 and ZIF-67 are consistent
with the literature data®° and those for UIO-66/CP, ZIF-8/CP and ZIF-
67/CP match the diffraction peaks of UlO-66, ZIF-8, ZIF-67,
respectively.

The SEM images show that Cu NWs have a nanowire morphology
with an average diameter of 100 nm and an average length of 20 um
(Fig. 1c) while Cu NPs showed a nanosphere morphology with an
average particle size of 300 nm (Supplementary Fig. 2a). UIO-66 dis-
played an octahedral morphology with an average size of 200 nm
(Fig. 1d). ZIF-8 and ZIF-67 show a cubic structure with an average size of
300 nm (Supplementary Fig. 2b, c). The cross-sectional SEM image of
commercial carbon paper shows that CP is composed of bundled
fibers (Fig. 1e), while that of the prepared UlO-66/CP/Cu NWs GDE
exhibits a hybrid structure mixed with UIO-66 and Cu NWs (Fig. 1f). The
EDS elemental mapping of the hybrid UlO-66/CP/Cu NWs GDE shows
that the C and Zr elements are evenly distributed over the whole GDE
layer whereas the Cu element is mainly distributed on the surface of
GDE (Fig. 1g-i). The cross-section SEM image and EDS elemental
mapping of ZIF-8/CP/Cu NWs (Supplementary Fig. 3) and ZIF-67/CP/Cu
NWs (Supplementary Fig. 4) also exhibit the similar structure and
elemental distribution as UIO-66/CP/Cu NWs.

Figure 2a and Supplementary Fig. 5 illustrates the flow cell reactor
setup for the electrocatalytic NORR that employs the MOFs-modified
hybrid GDE through which the NO-containing gas passes. To find an
optimized condition for NORR, linear sweep voltammetry (LSV) mea-
surements for NORR were conducted on CP/Cu NPs GDE under dif-
ferent electrolytes (0.5M K,SO,4, KCI, and KHCO3) and different
concentrations of NO gas (0%, 2%, and 10%). (Supplementary Fig. 6)
The cathodic current progressively increased with increasing the NO
concentration from 0% to 2% and 10%, which indicates that the NORR
on the GDE is mass-transfer limited. As the highest cathodic current
was obtained in 0.5M K,SO,4, K,SO4 was employed as the supporting
electrolyte in this study. As for the optimal morphology of Cu catalyst,
Cu NPs and Cu NWs were compared for NORR. Cu NWs exhibited
consistently higher performances than Cu NPs for the NORR current,
the NH;" generation rate, and NH," FEs in both 10% and 2% NO gas flow
(Supplementary Fig. 7 and Supplementary Fig. 8). This indicates that
one-dimensional Cu NWs are more favorable for NORR than Cu NPs.
Therefore, Cu NWs were chosen as the catalyst to be loaded on GDE in
this study.

The most critical challenge in NORR is that the NO concentration
from various emission sources is typically in the ppm range under
which NORR should be highly limited by mass transfer. To address the
mass transfer limitation, MOF materials were incorporated onto car-
bon paper to enhance NO adsorption capacity and facilitate the sub-
sequent charge transfer to NO on the GDE. Figure 2b compares the LSV
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Fig. 1| The scheme of MOFs modified GDEs preparation and characterizations.
a The scheme for the preparation of MOFs-modified GDE; b the XRD patterns of CP/
Cu NWs, UIO-66/CP/Cu NWs, ZIF-8/CP/Cu NWs and ZIF-67/CP/Cu NWs; the SEM

images of ¢ Cu NWs and d UIO-66; the cross-section SEM images of e CP and f UIO-
66/CP/Cu NWs (hybrid GDE); the EDS elemental mapping images of g C, h Zr, and
i Cu. Source data are provided as a Source Data file.

measurements on UlO-66/CP/Cu NWs in 2% NO and 20 ppm NO. The
UIO-66/CP/Cu NWs demonstrated higher reduction currents com-
pared to the CP/Cu NWs in both high (2%) and low (20 ppm) NO
concentrations. The cathodic current on UlO-66/CP/Cu NWs was
15.7 mA/cm? higher (in 2% NO gas flow) and 13.8 mA/cm? higher (in 20
ppm NO gas flow) than on CP/Cu NWs at -1.2 V (vs. RHE). This validated
that the MOFs loading on the CP GDE promoted the mass transfer of
the low-concentration NO gas onto the Cu catalytic sites on the GDE. It
is noted that there was an optimal loading of MOFs over which the
overall NORR efficiency decreases. The LSV results show that loading
10 mg UI0-66 on GDE (1 cm?) achieved the highest NORR current, NH,"
generation rate, and NH4" FEs in 2% NO gas flow whereas loading 20 mg
UIO-66 reduced them (Supplementary Fig. 9). This suggests that
excessive MOFs loading hinders the NORR because the excessive
loading of MOFs increases the holding capacity of NO beyond the
optimum to retard its subsequent transfer to the Cu catalyst. The
MOFs-induced enhancement in the reduction current (compared with
CP/Cu NWs) were also observed for other kind of MOFs as in ZIF-8/CP/
Cu NWs and ZIF-67/CP/Cu NWs (with 10 mg loading of ZIF-8 and ZIF-
67) (Supplementary Fig. 10). All three MOFs loaded on GDE exhibited

higher NH,4" yield than CP/Cu NWs in 2% and 20 ppm NO and the MOFs
enhancement effect is more prominent in low NO concentration flow
condition (see Fig. 2c, e).

In 2% NO gas flow, the MOFs enhancement effect was also
reflected in the NH," FE (Fig. 2d). In particular, the NH," generation rate
on ZIF-8/CP/Cu NWs and UIO-66/CP/Cu NWs were almost two times
higher than on bare CP/Cu NWs at -0.9 and -1.0 V (vs. RHE) under 20
ppm NO gas flow (Fig. 2e). MOFs is more efficient in facilitating the
NORR under the low concentration condition. Incidentally, the pro-
duction of NH,* was insignificant in the absence of Cu NWs on the bare
CP, ZIF-8/CP, Ul0-66/CP, and ZIF-67/CP, which confirmed the role of
Cu as the active sites (Supplementary Fig. 11). Figure 2f, the con-
tinuously generated NH," on these MOFs modified GDEs displayed a
higher NH," yield than the bare CP/Cu NWs, these results suggested
that MOFs modified GDEs could capture more NO molecular from low-
concentration gases. The time profiles of NORR shows that the con-
centration of NH," is maintained consistently higher over UIO-66/CP/
Cu NWs than CP/Cu NWs throughout the reaction time under both 2%
and 20 ppm NO gas flow conditions (Supplementary Fig. 12), which
confirms the role of MOFs in facilitating NORR in both high and low
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concentration conditions. Furthermore, UlO-66/CP/Cu NWs exhibited
a stable NORR performance. The reduction current density (around
20 mA/cm?) was maintained for 24 h and the corresponding NH4* FE
decreased by 14% only in 24 h under the continuous flow of 2% NO
gas (Fig. 2g).

The enhanced NORR performance of the MOF-modified GDE
confirms the role of MOF in capturing low-concentration NO and
subsequently transferring the adsorbed NO to the catalytic sites
(Fig. 3a). The N, adsorption/desorption isotherms (Fig. 3b, Supple-
mentary Fig. 13) and the Brunauer-Emmett-Teller (BET) surface areas
(Supplementary Tables 1, 2) of CP, MOFs, UIO-66/CP, ZIF-8/CP and ZIF-
67/CP were measured to evaluate the adsorption property. With the
loading of MOFs, the surface areas of the modified GDEs were sig-
nificantly increased. In Fig. 3b, all the prepared MOFs-modified GDEs
showed type I isotherms, suggesting the presence of micropores in
which NO molecules should be captured. The NO adsorption capability
of MOFs-GDEs was examined using NO temperature-programmed
desorption (NO-TPD). According to the NO-TPD results (Fig. 3c), CP
has weak NO adsorption capacity but the MOFs-GDEs exhibit highly
enhanced NO adsorption performance (both higher peak intensities
and temperatures), suggesting more adsorption sites and stronger
adsorption energy. The desorption peak at 148 °C for ZIF-8/CP and ZIF-
67/CP is ascribed to the physisorbed NO, while the peaks at higher
temperature are assigned to chemisorbed NO. The higher NO
adsorption capacity on the prepared MOFs-GDEs enhances the NO
concentration at the gas-solid-liquid interface. However, if NO is too
strongly bound in MOFs-GDEs, its subsequent desorption and transfer
to the catalytic sites would be retarded, which may results in a lower
electro-conversion efficiency. To estimate the NO transfer efficiency,
the NO molecules that are successfully transferred from the gas phase
to the electrolyte solution through the MOFs-GDEs (without catalyst)

were quantified by immediately oxidizing the transferred NO to nitrate
ion by H,0, (see Methods and Supplementary Fig. 14). Table 1 shows
the NO transfer flux and NO transfer efficiency through ZIF-8, UIO-66
and ZIF-67 modified GDEs with 2% NO gas flow are determined to be
1055.8, 1124.5 and 1185.7 umol/cm*h with the corresponding the
transfer efficiency of 7.9%, 8.4% and 8.8%, respectively. In comparison,
the NO transfer flux and transfer efficiency through the bare CP were
971.4 ymol/cm®h and 7.2%. When NO concentration decreased to
20 ppm, both NO transfer flux and efficiency through the MOFs-GDEs
were significantly reduced (Table 1), which indicates that the NO
transfer through the MOFs-GDEs is clearly enhanced under higher
NO concentration in the gas phase. Nevertheless, even under 20 ppm

Table 1| NO transfer flux and NO transfer efficiency in 2% NO
and 20 ppm NO gas flow

NO Concentration GDEs NO transfer flux NO transfer effi-
(umol/cm?*h) ciency (%)
2% NO CP 971.36 7.25
ZIF-8/CP  1055.80 7.88
UIO- 1124.54 8.39
66/CP
ZIF- 1185.75 8.85
67/CP
20 ppm cP 280.76 2.09
ZIF-8/CP  313.45 2.34
UIO- 338.30 2.52
66/CP
ZIF- 341.41 3.18
67/CP
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NO gas flow, the NO transfer flux and efficiency through the MOFs-
GDEs were also enhanced from those of bare CP, confirming the suc-
cessful role of MOFs in capturing and transferring NO from the low
concentration of NO gas.

The density functional theory (DFT) computations were per-
formed to estimate the NO adsorption energy on CP, ZIF-8, ZIF-67,
UIO-66, and Cu (111) (Supplementary Fig. 15). Multilayer graphene
model was used to simulate the CP. The atomic N of NO adsorbed on
top of carbon atom, on the bridge site, and on the hollow site were
calculated (Supplementary Fig. 16). The NO adsorption energies on
ZIF-8 framework were calculated for five different NO adsorption sites,
where NO is adsorbed on the top of zinc atom, in the center of
4-imidazeole rings, in the center of 6-imidazeole rings, on the top of
imidazole ring, and in the center of cubic. (Supplementary Fig. 17)
Owing to the similar structure with ZIF-8, the NO adsorption energies
on ZIF-67 were also performed on such five sites. (Supplementary
Fig. 18) The NO adsorption energies on UIO-66 were calculated on the
top of Zr atom, on the top of benzene ring and in the center of fra-
mework (Supplementary Fig. 19). In addition, the NO adsorption
energies on Cu (111) were also estimated (Supplementary Fig. 20).
Supplementary Table 3 listed all of the NO adsorption energies for
these models. Among these NO adsorption models, the most stable NO
adsorption sites were observed on the top of the cobalt atom for ZIF-
67, in the center of the 6-imidazole rings for ZIF-8, on the top of the
benzene ring for UIO-66, on the top site of carbon, and on the top site
of Cu (111). Figure 3d shows the NO adsorption energies for these most

stable adsorbed species. As the NO adsorption energy on ZIF-67 is
higher than on Cu (111), the effective diffusion of NO from ZIF-67 to the
catalyst layer should be hindered, resulting in low NORR performance.
The strong adsorption energy limits NO desorption from ZIF-67°". On
the contrary, NO adsorption energies on UlO-66 and ZIF-8 are lower
than that on Cu (111). The adsorption energy gradient facilitates NO
transfer from MOFs to the catalyst layer, promoting the conversion of
NO. Furthermore, the higher adsorption energy of UlO-66 compared
to ZIF-8 allows UIO-66 to adsorb more NO molecules from the gas
stream and efficiently transfer more NO to the catalytic surface. Such
consideration of adsorption energetics is consistent with the highest
NO transfer efficiency through UlO-66-GDEs. Similarly, the lowest NO
adsorption energy on CP explained its low performance for NO cap-
ture and conversion.

Anode GDEs for NO electro-oxidation

In addition to NORR, NO electro-oxidation reaction (NOOR) leading to
the generation of nitrate was investigated. Combining NORR on
cathode with NOOR on anode can covert NO to ammonium nitrate
with utilizing electricity more efficiently. Since nickel based catalysts
have been widely used in electrocatalytic oxidation reactions, NiO and
heterojunctioned Ni/NiO were prepared for anodic NOOR (Fig. 4a).
These Ni based catalysts were prepared by calcining Ni(OH), pre-
cursors under different atmospheres (See Methods). In Fig. 4b, the
XRD patterns of NiO Air500 and NiO Ar500 exhibited single crystal
phase of NiO with the diffraction peaks identified to be cubic NiO
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(PDF#04-0835), and three main diffraction peaks at 37.3°, 43.3° and
62.9° were indexed as (111), (200) and (220) facet of NiO. XRD pattern
of NiO HA500 (annealing in a Ho/Ar mixture gas) showed the mixed
phases of both NiO and Ni; the diffraction peaks at 44.5°, 51.8°, and
76.4° were indexed as (111), (200), and (220) facet of cubic Ni (PDF#65-
2865). This suggests that Ni/NiO with heterojunction was formed after
annealing in a Hy/Ar mixture gas flow. The XRD patterns of the pre-
pared NiO loaded GDEs exhibited broad peak around 25° which is
identified as the carbon paper and also showed the NiO (or Ni/NiO)
characteristic peaks (Supplementary Fig. 21a). UlO-66 modified GDE
samples displayed the characteristic diffraction peaks for UlO-66 at
7.0° and 8.3° (Supplementary Fig. 21b). Moreover, XRD patterns for
NiO HA400, NiO HA500 and NiO HA600 indicated that metallic nickel
was preferentially formed from Ni(OH), precursors in a H,/Ar atmo-
sphere (Supplementary Fig. 21c). The SEM image of NiO HAS00
(Fig. 4c) showed a microsphere morphology assembled from
nanosheet. The prepared NiO Air500 and NiO Ar500 also displayed a
similar microsphere morphology (Supplementary Fig. 22). The SEM
cross-section image and EDS mapping of CP/NiO HA500 GDE indicated
that NiO HA500 microspheres were evenly loaded on carbon paper

(Supplementary Fig. 23). The EDS mapping image for the cross-section
of UlO-66/CP/NiO HA500 GDE indicated a hybrid GDE structure
(Supplementary Fig. 24). Figure 4d, e, the TEM image and EDX map-
ping of NiO HAS00 exhibited the formation of Ni/NiO heterojunction
after annealing in H,/Ar mixture gas flow. The HRTEM image further
proved the existence of Ni/NiO heterojunction (Fig. 4f), where the well-
resolved lattice fringes with inter-planar distances of 0.203 nm and
0.208 nm were indexed as Ni (111) and NiO (200), respectively.

XPS was employed to investigate the chemical state of the pre-
pared samples and further confirmed the formation of Ni/NiO het-
erojunction. In Fig. 4g, the high-resolution Ni 2p XPS spectra of the
prepare NiO samples show that the main valence state of Ni element is
in the oxidized state. In Ni 2p;, spectra of NiO Air500, the peaks
binding energy at 854.1eV and 856.0 eV could be indexed to Ni** and
Ni*". The Ni 2p3,; spectra of NiO Ar500 are similar to those of NiO
Air500, suggesting that both samples are in the similar valence state.
Compared with NiO Air500 and NiO Ar500, an obvious peak shift was
observed in NiO HA500 with the binding energy decreasing by 0.6 eV.
This binding energy red-shift indicates the formation of metallic nickel
species (Ni°) at the binding energy of 853.5eV*. The 2p;,, spectra of
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NiO HA500 also show a peak located at 855.4 eV correspond to Ni*".
These results indicate that NiO HA500 sample consists of both metallic
nickel and nickel oxide. Besides, the binding energy shift was also
observed in the high-resolution O 1.s XPS spectra of these samples. The
O binding energy in NiO Air500 was 529.5 eV, while that in NiO HAS00
was 529.0 eV (Fig. 4h), which also confirms the formation of Ni/NiO
heterojunction in NiO HA500.

The performance tests for NOOR were conducted on the NiO-
loaded GDE using the flow cell setup (Fig. 5a). In 2% NO gas flow, the
LSV results revealed that NiO HA500 exhibited the highest oxidation
current among the prepared samples, indicating an optimal NOOR
performance on NiO HA500 (Supplementary Fig. 25). In Fig. 5b, the
production yield and FEs of NO,™ and NO5™ indicate that NO5™ is the
main product of NOOR. Among the tested anodes, CP/NiO HA500, the
sample treated in a 5wt% H,/Ar mixture gas at 500 °C, exhibited the
highest NO3" yield of 165.6 umol/h and FE of 89.4% at 1.8V (vs. RHE).
Meanwhile, the CP/NiO HAS00 also showed the lowest NO," yield and
FE, suggesting a high NO3" selectivity. Increasing NO concentration to
10% resulted in an increased oxidation current, demonstrating the
significance of the mass transfer process in NOOR (Supplementary
Fig. 26a) and NiO HA50O still displayed the highest yield and selectivity
for NO3~ (Supplementary Fig. 26b). These results imply that Ni/NiO
heterojunction effectively improves NOOR efficiency and the selec-
tivity towards NO5™. Moreover, the annealing temperature (400, 500,

600 °C) for these NiO samples was optimized and CP/NiO HA500
exhibited the highest yield and selectivity for NO3;™ (Supplemen-
tary Fig. 27).

We modeled the Ni (111), NiO (100) and Ni/NiO (100) hetero-
junction as observed in the TEM image with density functional theory
(DFT) to understand the active sites (Supplementary Fig. 28, Supple-
mentary Fig. 29). To model the Ni/NiO(100) heterojunction, we con-
sidered a 13 atom two-layer Ni island on top of 4 x4 x 4 cell of the
observed NiO(100) surface. Ni island is considered instead of Ni slab
connected across the periodic image to eliminate the undesired strain
arising from lattice mismatch. We considered the following electro-
chemical oxidation reactions (Eqs. 4-10):
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HNO;  — NO; +H" ,, +e~ 8)
NO, +e™ — NOj o+ )

NO; +e™ — NO3 o+ (10)

Figure 5¢ demonstrates that the theoretical limiting potential for
the production of NO; (,q) is similar for the NiO and Ni/NiO (1.17 eV vs
111eV, respectively) limited by Eq. (6). However, the theoretical
overpotential for the production of NO3 (,q) is 1.15€eV and 0.91eV for
NiO and Ni/NiO, respectively, thus, and NO3 (,q) production is expec-
ted to be faster, explaining the high yield and faradaic efficiency of the
partially oxidized NiO of the CP/NiO HA 500. Furthermore, to elucidate
the active sites for the NO oxidation process on the heterojunction
surface, the free energy profiles for the NO oxidation process
at various sites at the heterojunction interface site are compared
(Supplementary Fig. 30). From Supplementary Fig. 31, it can be seen
that the free energy change for the NO oxidation process is smallest
at the heterojunction interface (where the intermediates interacting
with the Ni and NiO simultaneously), and the *NO; dissociation process
is a downhill energy step, indicating that the active site for NO oxida-
tion is located at the heterojunction interface.

As in the case of NORR, MOFs material was also introduced to
improve the mass transfer process for NOOR in a low NO concentra-
tion. Due to a favorable NO adsorption ability, UIO-66 was also used as
adsorption layer for NOOR. In Fig. 5d, the presence of UlO-66 on CP/
NiO HA500 increased the yields of both NO,™ and NO5™ under 2% NO
flow. The NO;5™ yield reached 187.5 umol/h, and the NO," yield reached
25.1 umol/h, showing 24% increase in total NO oxidation (NO, + NO3").
In 20 ppm NO gas flow, the LSV curves on UlO-66/CP/NiO HA5S00
showed a higher oxidation current than CP/NiO HA500 (Supplemen-
tary Fig. 32). UIO-66/CP/NiO HAS00 also exhibited higher NO;~ and
NO, generation yields compared to CP/NiO HA500 (Fig. Se). Specifi-
cally, the NO5™ yield on UIO-66/CP/NiO HA500 was nearly double that
of CP/NiO HAS500 at 1.8 V (vs. RHE). The results confirmed that UIO-66
modification also effectively improved the mass transfer process for
NOOR in a low NO concentration gas. The time profiles of NO,™ and
NO;™ generation on UIO-66/CP/NiO HA500 were also consistently
higher than those on CP/NiO HAS00 in 20 ppm NO gas at 1.7V (vs.
RHE). (Fig. 5f)

Integrated cell for NH,NO; electro-generation

The above studies have focused on developing the separate half-
reactions for NORR and NOOR, generating NH,* and NO5™ respectively
as the main product. The concurrent production of NH," and NO3™ can
be combined for the production of NH4;NOj3, which is a valuable che-
mical in various industry and agriculture. To achieve this goal, an
integrated NO electrocatalysis system was developed for NH4NO;
generation by feeding NO containing gas to both cathode and anode,
separately. Figure 6a and Supplementary Fig. 33a illustrates a double
chamber with double gasline (DC-DG) flow cell setting for the inte-
grated NO electrocatalysis system, a Nafion membrane separating the
anode chamber and cathode chamber. UlO-66/CP/Cu NWs (or CP/Cu
NWs) serves as a working cathode and UlIO-66/CP/NiO HA500 (or CP/
NiO HA500) serves as a counter anode. The effect of MOF layer is
clearly demonstrated when comparing the performance of the inte-
grated cell between the bare GDEs and MOF-loaded GDEs systems
under both 20 ppm NO and 2% NO (Fig. 6d vs. 6g). For example, in the
DC-DG configuration with 2% NO (Fig. 6g), the integrated NO elec-
trocatalysis generated 246 umol/h of NH," and 452 umol/h of NO5™ at
-0.9V (vs. RHE) on UIO-66 modified GDEs, while it produced only
92 umol/h of NH4" and 119 umol/h of NO;™ on the bare GDEs. Note that
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Fig. 7 | NO utilization efficiency. The NO utilization efficiency in different cell
setup employing UlO-66-loaded GDEs vs. bare GDEs under 20 ppm NO gas flow.
Source data are provided as a Source Data file.

the stoichiometric ratio of NO;™ to NH," generated in the in the 2% NO
DC-DG with MOF-loaded GDEs reached 1.84, which is close to the
theoretical stoichiometric ratio of 1.67 (see Eq. 3). This close match of
the NO5;7/NH,* ratio between the experimental and theoretical values
strongly supports that the production of ammonium nitrate is gener-
ated via the separate production of nitrate and ammonium from NO
conversion.

A single chamber electrolysis (SC-DG) system without the mem-
brane was also tested and compared for the generation of NH;NO;
(Fig. 6b and Supplementary Fig. 33b). The single chamber system
exhibited the similar MOFs-enhancement effects, and the production
of NO;™ and NH4" on the MOF-loaded GDEs was consistently higher
than that on bare GDEs (Fig. 6e vs. 6h). In Fig. 6¢ and Supplementary
Fig. 33c, another single chamber electrolysis (SC-SG) system that
employs a single NO gasline (not double gasline as in Fig. 6a, b) that
passes the cathode and the anode part serially is illustrated. This SC-SG
setup should utilize NO more efficiently with minimizing the passing of
unreacted NO. The MOF effect was verified again in both 20 ppm and
2% NO gas flow (Fig. 6f vs. 6i). In particular, under 20 ppm NO gas flow,
the generation of ammonium nitrate on UIO-66 modified GDEs was
twice as high as that on the bare GDE. In this single gasline cell, the NO-
containing gas flowed from the cathode to the anode, allowing
unreacted NO molecules from the cathode to be further utilized by the
anode. As a result, the overall NO utilization efficiencies (the ratio of
the combined output production of ammonium and nitrate to the
input NO amount, see Methods) were markedly higher in the single
gasline system than in the double gasline system (Fig. 7). Incidentally,
in the single-chamber cell without membrane, NH,* produced from NO
reduction at the cathode may diffuse to the anode for oxidation, and
NO;™ produced from NO oxidation may diffuse to the cathode for
reduction, potentially leading to the product loss. To check out this
loss possibility, a control test of electrochemical degradation of NH,*
and NO5™ was carried out in the SC-SG integrated cell, which allowed
NH4*and NO5™ to move freely between the cathode and anode. (Sup-
plementary Fig. 34) The control electrochemical test results showed
that neither NH;" nor NO5™ exhibited a notable decrease in con-
centration during the SC-SG integrated cell operation, confirming that
the product (NH4NO3) loss via electrochemical conversion in the pre-
sent experimental condition can be neglected.

Discussion

Controlling NO, in various emission sources and air has been the
important research topic in air pollution control technology. Given the
widespread and frequent occurrence of NO, emissions in various fossil
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fuel combustion processes, significant research has been dedicated to
this area. The widely adopted commercial method for NO, removal is
the selective catalytic reduction (SCR) process, which relies on
ammonia gas as a reagent—a resource of considerable value. An opti-
mal and alternative strategy involves transforming NOy into valuable
products, thereby offering a more sustainable solution than the con-
ventional practice of using costly resources for NO, removal. This
study introduces an electrochemical method to produce NH4", NO5~
and NH4NO; as valuable products from dilute NO-containing gas.
Owing to the low NO concentration in waste gases and its low solubility
in water, NO conversion efficiency is limited by the slow mass transfer.
To enhance the NO utilization efficiency, a hybrid-structured GDE was
engineered to carry out the electro-reduction and electro-oxidation of
NO simultaneously. This hybrid electrode features a NO-adsorbing
MOF layer and a catalyst layer. In the electrocatalysis process, NO in
the waste gas is initially captured by the MOF adsorption layer and
then diffuses to the catalyst layer, where NO can be either reduced to
NH," or oxidized to NO3™. Under 20 ppm of NO gas flow, the generation
of NH;" (NORR) and NO5;™ (NOOR) on MOF-modified GDEs was about
two times higher than that on the bare GDE. The improvement of NO
electro-conversion efficiency through MOFs-modified GDEs was fur-
ther confirmed by a series of experimental characterizations and the-
oretical calculations. MOFs have shown a significant capability to
adsorb NO from low-concentration gas. Importantly, a gradient in NO
adsorption energy between the MOF and Cu catalysts aids in the
transfer of adsorbed NO from the MOF layer to the catalytic layer,
enhancing the process efficiency. An integrated NO electrocatalysis
cell combining NORR and NOOR was developed for the joint-
production of ammonium nitrate from dilute NO-containing gas. Fol-
lowing with concentration-separation and evaporation-crystallization
steps, solid NH4;NOj3 can be obtained in the further industrial applica-
tions. This presents a promising alternative to traditional production
methods, which could reduce both energy consumption and carbon
emission. Among the various cell setups tested, a single chamber cell
with a single gasline configuration exhibited superior performance in
terms of NH4,NO; production yield and NO utilization efficiency. This
innovative approach holds great promise for recycling NO-containing
waste gases. Furthermore, MOF-modified GDEs offer a sustainable
solution for capturing dilute NO gas and subsequently achieving
waste-to-resource conversion. The MOF adsorption layers in GDEs
should facilitate the direct utilization of specific gas components (e.g.,
NO, CO,) in waste gas and contaminated air through electrocatalytic
conversion processes. This technology has the potential to serve as a
valuable tool for reclaiming resources from waste gas, contributing to
the realization of a circular economy.

Methods

Chemicals and reagents

All chemical reagents and gases used in this work were purchased and
used as received without additional purification. NO (99.99%), N,
(99.999%), Ar (99.999%) and 20 ppm NO (N, as balance gas) were
purchased from DONGHAE GAS IND. The following chemicals were
purchased from Sigma-Aldrich: K,SO, (>99.0%), KHCO; (=99.5%),
KCI (= 99.0%), zirconium(lV) chloride (= 99.9%, ZrCl,), terephthalic
acid (98.0%), 2-methylimidazole (99.0%), Zn(NOs),:6H,0 (=99.0%),
Co(NO3)'6H,0 (=99.0%), ethylene glycol (= 98.0%, EG), Cu(OH),,
polyethylene glycol 2050 (PEG 2050), L-ascorbic acid (299.0%),
Cu(NO3)-3H,0 (99%) ethylenediamine (=99.5%), hydrazine (98%)
EDTA-2Na (99%), NiSO46H,O0 (99%), urea (99%), sulfamic acid
(299.0%), phosphoric acid (85wt%), p-aminobenzenesulfonamide
(299.0%), and N-(1-Naphthyl) ethylenediamine dihydrochloride
(299.0%). Methanol (99.5%), ethanol (99.5%), N,N-Dimethylformamide
(99.9%, DMF), NaOH (98%), KOH (95%), concentrated HCI (35% - 37%)
and H,0, (35.5%) were purchased from SAMCHUN Chemicals. Deio-
nized water was purified through a Millipore water purification system

with a resistivity of 18.2 MQ cm (at 25 °C). Carbon paper (CP, GDS250,)
was purchased from CeTech without any further treatment.

Synthesis of MOFs materials

To prepare UlO-66, 1.06 g of zirconium(lV) chloride (ZrCl,) and 0.76 g
of terephthalic acid were dissolved in 60 mL DMF with stirring until a
homogenous solution was formed. Then, such solution was transferred
into a 100 mL Teflon autoclave and heated at 120 °C for 24 h. After
cooling down, the prepared UlO-66 was collected and washed by cen-
trifugation several times in ethanol’. To prepare ZIF-8, 6.5g of
2-methylimidazole and 3.0 g of Zn(NO5),-6H,0 were dissolved in 80 mL
and 40 mL of methanol. Then Zn(NO3),:6H,0 solution was slowly added
into 2-methylimidazole solution with vigorous stirring for 24 h. The
obtained product was centrifuged with methanol for several times and
then dried at 60 °C under vacuum overnight®. To prepare ZIF-67,2.5g
of 2-methylimidazole and 2.2 g Co(NO3),-6H,0 were dissolved in 60 mL
and 30 mL methanol. Then Co(NO5),-6H,0 solution was slowly dropped
into 2-methylimidazole solution with vigorous stirring for 24 h. After
that, the obtained product was centrifuged with methanol for several
times and then dried at 60 °C under vacuum overnight**,

Synthesis of Cu nanoparticles and Cu nanowires

Cu nanoparticles were synthesized according to the reference proce-
dure. Typically, 25mL ethylene glycol (EG) contained with 0.98¢g
Cu(OH), and 1.0 g PEG 2050 (polyethylene glycol, MW: 2050) heated
to 80 °C under stirring for 30 min. An L-ascorbic acid (6.0 g) EG solu-
tion was heated to 80°C under the same condition. Then the
L-ascorbic acid solution was poured into the former flask, and the
mixture was kept at 80 °C for 5 min. Finally, the product washed sev-
eral times with ethanol via centrifugation®. In a typical synthesis pro-
cess of Cu nanowires, 41.5mL 0.1 mol/L Cu(NO3), aqueous solution
was added into 833 mL of 10 M NaOH aqueous solution under vigorous
stirring. After that, 6.225mL ethylenediamine and 1.94 mL 35wt%
hydrazine aqueous solution was added in the above solution following
with stirring. Then, such solution transferred to a fan oven under 60 °C
for 2 hours. The afloat flocculent copper products washed with cen-
trifugation several times in D.L. water, and such products stored in
ascorbate acid containing ethanol solution to prevent oxidation®.

Synthesis of NiO nanoparticles

In a typical process, 0.3 g EDTA-2Na, 1.2 g of NiSO4-6H,0, and 0.3 g of
urea were dissolved in 15 mL of D.I. water, respectively. Then the NiSO,
solution was added slowly to the EDTA-2Na solution with stirring, until
the mixed solution color turned to deep blue. After that, the urea
solution was also dropped into the above-mixed solution and stirred
for 3 min. The pH value of the reaction system was adjusted to 6 by
ammonia and a dilute sulfuric acid solution. The obtained solution was
transferred to a 60 mL Teflon-lined autoclave and kept at 180 °C for
4 h. After the reactor cooled to room temperature, the green powder
was collected by filtration and dried at 60 °C®. Subsequently, the NiO
nanoparticles were obtained by annealing the above-mentioned green
powders at different temperature (400, 500, and 600 °C) and different
atmosphere (air, and Ar) for 2h in a flow furnace. Those NiO HA
samples came from the prepared NiO Air samples which further trea-
ted in 5% Hy/Ar mixture gas flow for 10 minutes at different
temperature.

Preparation of MOFs-modified GDEs

The MOFs modified GDEs were prepared using a dropping method.
A carbon paper (CP) (15 mm x 15 mm) was used as the substrate for
MOFs-modified GDEs. Firstly, 10 mg as-synthesized UlO-66, ZIF-8 or
ZIF-67 was dispersed in 500 pL of ethanol under ultrasonic to pre-
pare MOFs ink. Then, such MOFs ink was slowly dropped on one
side of carbon paper to load MOFs. Then, the catalyst ink was
prepared and dropped on another side of carbon paper which
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mixed 5 mg Cu NWs (or Cu NPs) or 10 mg NiO NPs, 950 L of ethanol
and 50 pL of Nafion solution (5 wt% in ethanol, Sigma-Aldrich). All
control samples prepared by using the same dropping method,
UlO-66/CP, ZIF-8/CP and ZIF-67/CP were prepared without drop-
ping Cu NWs ink. CP/Cu NWs, CP/Cu NPs and CP/NiO were prepared
without dropping MOFs ink.

Electrocatalysis tests and electrochemical measurements

All the electrocatalysis tests and measurements were conducted using
a potentiostat (Gamry Instruments Reference 600) in a flow cell
reactor with a standard three-electrode set up. In all of the electro-
chemical measurements, iR compensation was not applied. During NO
electro-reduction, the prepared MOFs-modified GDE with Cu-based
catalysts was served as the working cathode. Pt wire was served as the
counter electrode and Ag/AgCl (in 3 M KCI) was used as the reference
electrode. The external calibration method was used to calibrate the
Ag/AgCl reference, a saturated calomel electrode (SCE) is employed
for calibration. The calibration was performed by measuring the
potential difference between the two electrodes. Unless otherwise
specified, in general electrochemical tests, the anode and cathode
were separated by a proton exchange membrane (Nafion 117,
1.5cm x 1.5 cm). Nafion membrane need to be pretreated before use.
Typically, the membrane was placed in a 1 mol/L H,SO, solution and
heated at 90 °C for 1h. After that, using deionized water washed sev-
eral times. Then, put it into a 5% H,0, solution and treated at 90 °C for
1h follow with deionized water wash several times. Finally, the treated
membrane stored in deionized water for use. In the flow cell setting,
both cathode chamber volume and anode chamber volume were 1 cm?
(Icmx1cmx1cm), 10 mL electrolytes were circulated in both cath-
ode and anode chamber controlled by a peristaltic pump with the flow
rate of 2.0 mL/min.

The NO electro-reduction tests were carried out with varying the
concentration of NO gas that flowed through the gas chamber with a
flow rate of 250 mL/min controlled by a mass flow controller. As for the
NO electro-oxidation setup, the prepared NiO-based GDE served as the
working anode and Pt wire as the counter electrode for NO electro-
oxidation. During the tests, 10 mL electrolyte (0.5M K,SO,, pH=6.8)
was circulated into both cathode and anode chamber with the flow rate
of 2.0 mL/min. Different concentration of NO gas or Ar gas flowed
through the gas chamber with a flow rate of 250 mL/min. The settings
for integrated NO electrocatalysis were similar to those of the single
GDE system, except that both Cu-based GDEs and NiO-based GDEs
were utilized in a single cell. This configuration allowed the simulta-
neous occurrence of both NORR and NOOR. Two gas chambers were
installed on both side of the cathode and anode, and NO-containing
gas passed through both gas chambers with the flow rate of 250 mL/
min. A specific amount of 0.5 M K,SO, electrolyte was circulated in the
flow cell at the flow rate of 2.0 mL/min. Chronoamperometry (CA)
method was used to test the performance for NORR and NOOR. The
scanning rate of linear sweep voltammetry (LSV) measurements were
10 mV/s. The applied potential on the working electrode was rescaled
to the reversible hydrogen electrode (RHE) reference using the fol-
lowing Eq. (11):

Erpe = Eagjagci +0.197 +0.0592 x pH 1)

Products determination (NH,*, NO, and NO;")

We employed the colorimetric method for analysis and detection of
NH4', NO37, and NO,™ as the high background concentration of elec-
trolytes in the samples interfere with the ion chromatographic analysis
of productions. An ultraviolet-visible (UV-vis) spectrophotometer was
utilized to detect the NORR and NOOR products of NH,*, NO,™ and
NOj3™ by recording the absorption intensity of characteristic peak, and
calibration curves were used to calculate the product concentration

(see Supplementary Fig. 35)°*. The Nessler’s reagent as the color
reagent was used to determine the concentration of NH,*. Typically, a
certain amount of cathode electrolyte for NO electro-reduction was
sampled from the flow cell and diluted to 3 mL with 0.5 mol/L KOH
aqueous solution, then 60 L Nessler’s reagent was added into the
diluted sample with stirring for 20 min. After that the absorption
intensity at a wavelength of 420 nm was recorded for NH," con-
centration calculation.1 M HCl and 0.8 wt% sulfamic acid solution were
used for NO5~ determination®. Briefly, a certain amount of anode
electrolyte for NO electro-oxidation was sampled and diluted to the
detection range. Then, 60 pL of 1M HCI and 6 L of 0.8 wt% sulfamic
acid were added into 3mL diluted samples. After 5minutes, the
absorption intensity at a wavelength of 220 nm and 275nm were
recorded. And the final absorption value was calculated by the fol-
lowing Eq. (12):
A=Az0mm — 2A2750m 12
For the determination of NO,", a mixture solution contained 4.0 g
p-aminobenzenesulfonamide, 0.2 g N-(1-Naphthyl) ethylenediamine
dihydrochloride, 50 mL D.I. water and 10 mL concentrated phosphoric
acid was utilized as a color reagent®’. Similar to determination NO5, a
certain amount of anode electrolyte was sampled and diluted to the
detection range, firstly. Then, 60 uL of color reagent was added into
the diluted sample with stirring for 20 min. After that, the absorption
intensity was recorded at a wavelength of 540 nm. The calculation of
these products were related to the concentration-absorbance plots.
The Faradaic efficiency calculation for these products used the fol-
lowing Eq. (13):

nxFxCxV

FE(%)= x100(%) 13)

Where n is the electron transfer number (NO to NH,*, NO to NO5;™ and
NO to NO,, the value of n=5, 3 and 1), F is the Faraday constant
(96500 C/mole e°), C is the concentration of N-containing products
(mol/L), V is the electrolyte volume (L), Q is the total charge (C).

Measurements of NO transfer flux, transfer efficiency and NO
utilization efficienciesh
To measure the NO transfer flux and transfer efficiency on MOFs
modified GDE, NO molecular should be converted to NOs’, initially.
This conversion process allowed for the quantification of the NO;~
production rate, which served as an indicator of the transfer flux of NO.
Then the amount of NO5™ in electrolyte was analyzed by using color
reagent as the same method as the determination of NO5;™ product for
NO electro-oxidation. Hydrogen peroxide (H,0,) was used to oxidize
NO molecular to NO3™ according to the following chemical reaction
Eq. (14):
2NO +3H,0, — 2HNO; +2H,0 (14)

In a flow cell setting as electrocatalysis tests without applied
potential, the prepared MOFs modified GDEs (without catalyst load-
ing) were used to separate the gas chamber and liquid chamber. In this
configuration, NO containing gas flowed through the gas chamber and
was adsorbed by MOFs modified GDEs (see Supplementary Fig. 14).
Subsequently, the adsorbed NO diffused to liquid phase and convert to
NOj3™ by H,0,. This configuration allowed for the investigation of NO
adsorption and capture capacity from gas phase on the prepared
GDEs, thereby evaluating their effectiveness as gas separation mem-
branes. During the measurements, 10 mL mixture solution contained
0.5 MK,SO4 and 0.5 M H,0, was circulated in the liquid chamber with a
flow rate of 2.0 mL/min, and a series of NO containing gas continuously
passed through the gas chamber with the flow rate of 250 mL/min.
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After running for 20 minutes, a certain amount of liquid were taken out
and added the color reagent for NO5;™~ determination following with the
analysis by ultraviolet-visible (UV-vis) spectrophotometer. The calcu-
lations of NO;™ amount were related to the concentration-absorbance
plots. In this method, the concentration of NO5;~ equaled to the con-
centration of NO transfer amount. The calculation of NO transfer flux
and transfer efficiency were according to the following Egs. (15, 16):

CNO; x Velectrolyte

NO transfer flux = 15)

Ttime

Nyo;

NO transfer efficiency = x100% 16)

NNoin gas flow

For the integrated NO electrocatalysis section, the calculation of
NO utilization efficiencies was according to the following Eq. (17):

Ny + Nyo;
NO transfer flux= —*——=- x100%
Nnoeotat)

17)

Where the total n (NO) in double gas line system was combine
both cathode gas and anode gas, and the total n (NO) in single gas line
system was only one gas flow.

Characterization for GDE

The morphology of such prepared samples was characterized using a
field emission scanning electron microscope (FESEM, JSM 7800 F). The
X-ray diffraction (XRD) patterns for all the samples were obtained
using an X-ray diffractometer (Ultima IV) with Cu-Ka radiation
(A=1.54178 A). The surface area was investigated by N, adsorption
measurements on Micromeritics TriStar Il analyzer by the Brunauer-
Emmett-Teller (BET) method. The NO-TPD measurements were per-
formed by chemisorption analyzer (PCA-1200). Transmission electron
microscopy (TEM) images were obtained using a JEM-1400 (JEOL Ltd.,
Japan) at 120 kV. The X-rays photo spectroscopy (XPS) of NiO samples
were measured by Nexsa (ThermoFisherScientific) at a base pressure
of 2.0 x10® mBar with monochromated Al Ka (1486.6 V) radiation,
the C 1s (284.8eV) was used as the internal standard for charging
correction.

Density functional theory calculation

The density functional theory (DFT) computations were performed
using the Vienna ab initio simulation package (VASP)**. The inter-
action between the ionic core and valence electrons was described by
the projector augmented wave method (PAW)’*”". The total energy
convergence and the forces on each atom were set to be lower than
10°eV and 0.02eV A™ Energy cutoff of 400 eV for the plane wave
basis set was used for the structure optimization. The construction of
the MOFs models (UIO-66, ZIF-8 and ZIF-67) and carbon model utilized
data from the crystallographic database. The 11 x 11 x 11 Monkhosrt-
Pack generated k point mesh was used to sample the Brillouin zone for
the primitive cells of bulk Cu, Ni and NiO”%. A 4-atom primitive cell was
built and optimized to define lattice parameters, the optimized lattice
parameters of fcc Ni and NiO are 3.48 and 4.17 A, respectively. For Cu
and Nislab, a 3 x 3 x 4 supercell was constructed from the primitive cell
along the (111) direction. For NiO, a 4 x 4 x 4 supercell was built in the
(100) direction. A 15 A vacuum layer was added along the Z-direction to
avoid interactions between periodic image replicas. During simula-
tions, the bottom two layers of atoms were fixed, with the rest fully
relaxed. For the slab models, 3 x3x1 Monkhosrt-Pack generated
k-points mesh was sampled from the Brillouin zone. We used the
Gaussian Methfessel-Paxton smearing of 0.1”°. For ZIF-8, UIO-66, ZIF-
67, gamma point in the Brillouin zone was sampled due to the large
size of the cell. The Predew-Burke-Ernzerhor (PBE) functional with

generalized gradient approximation was employed to describe the
electron exchange and correlation energy®”’*. To accurately describe
systems containing Ni atoms, spin-polarized calculations were enabled
for all Ni atoms. For the Ni slab model, the spin configuration was set to
a ferromagnetic state; for the NiO slab model, the thermodynamically
more stable Type-ll antiferromagnetic phase spin arrangement was
adopted™’®. Grimme’s DFT-D2 functional, was used to correct the
dispersion forces. For the calculation of Ni and NiO system, we used
the DFT +U correction where the U value of 6.3 eV was used for d
electrons of Ni based on the previous studies’>”””°. For the hetero-
junction calculation, we considered the two layer Ni island on the NiO
surface (100), as observed from the TEM images. We considered the Ni
island instead of Ni slab connected across the periodic image in order
to eliminate the undesired strain arising from lattice mismatch. All of
the structures data for the optimized models are provided in Supple-
mentary Data 1.

We modeled the oxidation reaction of NO on Ni, NiO, and Ni/
NiO with the Egs. (4-10)*°, the Eqs. (18-24) to calculate the Gibbs free
energy of reaction, AG;, of the above NO oxidation reaction in order
are:

AG, =Gyo+ — Gyo,, — G- (18)

AG; =Gyno, +Hu:,, *He- — Onos — Ghyo,, 19)
AG;=Gno, + My He- — Guno, (20

AG, = Gyno,» Tl YHe — Gno,* — Gn,o, (2D
AGs5=Gyo,- Ty, THe — Ghino,* (22)

AGg = — (GNOZ* * By, +He- = Gino,,, — G*) (23)
AG; = — (GNO3‘ * iy, *He = Guno,,, — G*) 24

Where G; indicates the Gibbs free energy of the species i, Hy, and
1. are the chemical potential of proton and electron, respectively,
and Gy, is the solvation energy of the species i. For the desorption
reaction of anion species, NO; (5q) and NO5 (,q), we adopted the
formula from the Kamat et al*’. The adsorption energies of NO(g, on
carbon paper, ZIF-8, UlO-66, ZIF-67, and Cu (111) were calculated
using AG;. As the desorption reaction occur at the infinite dilution,
we did not consider the dilution energy as it was considered in Kamat
et al.®®

The Gibbs free energy of species i, G;, is calculated by using the
following Eq. (25):

G =Eppr,itHyi— TSp;t Ggori (25)
where Epgy; is the DFT calculated energy, Hr; is the enthalpy of the
species i from the vibrational contribution for surface species, as well
as the rotational and translational contribution for the aqueous and
gaseous species, Tis the temperature, S ; is the entropy of the species i
from the vibrational contribution for surface species, as well as the
rotational and translational contribution for the aqueous and gaseous
species, and G, ; is the Gibbs free energy of solvation. H;; contains
the zero-point energy (ZPE) corrections from the vibrational contribu-
tion calculated using the harmonic oscillator model. In the case of
surface, or the substrate, we did not consider H;;, and TS ;. The
solvation energy was not considered for NOg), Hy(g or, H,0). For the
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Gibbs free energy of H,0,, we calculated the Gibbs free energy of the
gaseous H,O(g at the vapor pressure of 0.0613 atm®..

The solvation free energy of the solute i, AG, ;, at infinite dilution
was calculated using implicit solvent method*>**, The solvation free
energy is calculated as the difference between energy in the solvated
environment, Eper oo ;» and energy in the vacuum, Epgr;, as following
Eq. (26):

Gsol,i = EpFr soli — Eprr,i (26)

The computational hydrogen electrode (CHE) was used to calcu-
late the electrochemical proton transfer reaction. The chemical
potential of proton and the electron is calculated as Eq. (27)%%:

1

My Y= EGHZ(E) —eU 27)

o) RHE

Where e is the elementary charge, and Uy is the applied potential
with reversible hydrogen electrode.

The calculation energies, zero-point energies, entropy corrections
and solvation energy corrections of each species in the free energy
calculations were listed in Supplementary Table 4 and Supplementary
Table 5.

Data availability

The authors declare that all data supporting the findings of this study
are available within the main text and Supplementary Information files.
The structures data of the optimized DFT computational models are
provided as Supplementary Data 1. The source data underlying Figs.
1-7 in the main text and Supplementary Figs. 1, 6-13, 21, 25-27, 31-32,
34-35 in Supplementary information are provided as a Source data
file. Source data are provided with this paper.
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