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Abstract

Precise design and construction of catalysts with satisfied performance for
ambient electrolytic nitrogen reduction reaction (e-NRR) is extremely challenging. By
in situ integrating an electron-rich polyoxometalate into stable metal organic
frameworks, five POMOFs formulated as
[FexCoy(Pbpy)o(0x)s(H20)6][P2W18062]-3H20 (abbreviated as FexCoyMOF-P,Wi3)
are created and directly used as catalysts for e-NRR. Their electrocatalytic
performances are remarkably improved thanks to complementary advantages and
promising possibilities of MOFs and POMs. In particular, NH3 yield rates of 47.04 pg
h™! mgea ' and Faradaic efficiency of 31.56 % by FeCoMOF-P,W g for e-NRR are
significantly enhanced by a factor of 4 and 3, respectively, compared to the
FeCoMOF catalyst. The cyclic voltammetry curves, density functional theory
calculations and in situ Fourier-transform infrared spectroscopy confirm that there is a
directional electron channel from PoWis to the MOFs unit to accelerate the transfer of
electrons. And the introduction of bimetals Fe and Co in the P,Wis-based MOFs
catalysts can reduce the energy of the *N> to *N;H step, thereby further increasing the
production of NH3. More importantly, this POM in situ embedding strategy can be
extended to create other e-NRR catalysts with enhanced performances, which opens a
new avenue for future NH3 production for breakthrough in the bottleneck of e-NRR.

1. Introduction

As one of the largest industrial synthetic chemicals in the world, ammonia (NH3)

has the advantages of high energy density (4.3 kW-h/kg), easy liquefaction and



transportation (boiling point -33°C).!l Tt is widely used in agriculture, chemical
industry, medicine, energy storage and other fields.*® At present, the Haber-Bosch
process is still the main method for industrial synthesis of NH3, it causes some
environmental problems (high energy consumption, large amounts of greenhouse
gases released,...), that place this method out from the desired energy-saving and
environmentally benign technology.> ] Therefore, there is an urgent need to develop
new methods that can use N; to generate NH3 under mild conditions. As a practical
and potentially valuable method for the generation of clean and renewable energy, the
electrolytic nitrogen reduction reaction (e-NRR) has gained extensive interests
because it produces NH3 at room temperature and ambient pressure.>~7! However, in
view of the high chemical stability and the weak electron affinity of the N2 molecule,
as well as the competitive hydrogen evolution competition (HER) in the N
electrochemical reduction process, the development of highly active and selective
electrocatalysts for e-NRR have constituted a very tough challenge.®-1%]

In recent years, researchers have exploited various catalysts for the e-NRR
process, including noble!!'"'?! and non-noble metals!'*~*] or metal free compounds.
[15-16] Transition metal-based materials (such as metal oxides, metal sulfides, metal
phosphides, etc.['’2%) are gaining interest in nitrogen fixation field, since the vacant
orbitals of the transition metals can accept a lone electronic pair from the nitrogen
molecule and feed the electrons back to the antibonding orbital of nitrogen to activate
the nitrogen triple bond.*!! Until now, some e-NRR-electro catalysts with single

component, such as FeS»,2! M03Sil?3! and MoSe»[?* have been prepared and studied,



but their NH3 yield rates and Faradaic efficiencies (FEs) of e-NRR are still far from
satisfactory. Given the possible synergistic effects between bimetallic sites, the
bimetal electrocatalysts are promising to significantly enhance performance for e-
NRR, just like nitrogenase (such as FeMo- and FeV-proteins).[?°! Recently, we have
designed and prepared a composite catalyst by mixing iron and molybdenum at the
atomic level (Fei.s0Mo4.1107/FeS2@C) exhibiting excellent catalytic properties for e-
NRR.?®l However, these multicomponent composite materials are extremely
complicated and it is hard to clearly know the coordination environments of the metal
atoms and thus some of the working mechanism are necessarily speculative.

When compared with these heterogeneous metal catalysts, metal-organic
frameworks (MOFs) present some unique advantages as: (i) accessible Lewis acids
metal sites, (ii) high porosity and large surface area for nitrogen adsorption, (ii1) well-
defined metal coordination environments that is beneficial to the accurate construction
of the mechanism models, (iv) adjustable composition and ratio of metallic catalytic
active sites.[*”] This last advantage allows the preparation of bimetallic MOFs with
different compositions and metal ratios with a greater potential to improve nitrogen
fixation efficiency, based on the synergistic effects of the bimetallic active sites.*!
Very recently, Li et al. have synthesized nanosheets of a two-dimensional (2D)
bimetallic MOF (CoxFe-MOF) exhibiting catalytic performance for e-NRR under
mild conditions, with a FE of 25.64 %.?) Nonetheless, the intrinsic poor electron
transport capacity of MOFs precludes the high-efficiency needed to perform the

multiple electron transfer in the e-NRR process. To overcome this limitation, MOFs



have been combined with different carbon-containing materials as acetylene black,
graphene, carbon nanotubes, carbon nitride, etc., either by physical mixing or by
chemical bonding, in order to improve their electron transport ability.[*") Nevertheless,
this approach cannot fundamentally solve the problem of slow electronic transfer
inside the MOF skeleton.

As a kind of well-defined soluble nano-oxygen cluster of d-block transition
metals with high oxidation states (usually WV, VIV) VV MoV and Mo")),
polyoxometalates (POMs) have many applications in energy storage and catalysis,
among other fields due to their electron-delocalization capacity and reversible redox

[31-32] Based on a series of density functional theory (DFT) calculations,

properties.
POMs could act as the electron source towards the active site in the e-NRR
process.[3734 It has been reported that reduced POMs can act as electron reservoirs
that donate electrons directly (and indirectly via the catalyst) to the N> molecules
during the e-NRR process.?>! Therefore, the integration of electron-rich POMs into
MOFs with active catalytic sites to build polyoxometalate-based metal-organic
frameworks (POMOFs) may be an effective method to facilitate the electron transfer
and improve their performance for e-NRR. It is POMOFs combine the advantages of
POMs and MOFs since they provide not only transition metal active elements (Fe,
Co, V, W, Mo,...), but also organic ligands that create regular porous structures.®!
Additionally, POMOFs are expected to show better electrocatalytic activity for e-

NRR than MOFs thanks to a synergistic effect between POMs and MOFs. On one

side, POMs provide electron-rich centers and increase the electron transfer capacity



whereas, on the other side, the MOFs skeletons increase the stability of the reduced
electron rich POMs, resulting in high performance and long-lasting catalysts for e-
NRR.

Based on the above ideas, we have prepared five P Wis-based POMOFs with
different Fe/Co ratios formulated as: [Feo(Pbpy)o(ox)s(H20)s][P2W130s2]-3H20,
[Coo(Pbpy)a(0x)s(H20)s][P2W18062]-3H20,
[FesCo3(Pbpy)e(0x)s(H20)6][P2W13062]-3H20,
[Fes.5Co4.5(Pbpy)o(0x)s(H20)6][P2W18062]-3H20 and
[FesCos(Pbpy)e(0x)s(H20)6][P2W18062]-3H20 (abbreviated as FexCoyMOF-P,Wis, x
and y are the most simplized integers). The choice of the components for these
materials based on the following considerations: (i) we have chosen the Wells-
Dawson [P2Wi30s2]% (abbreviated as P,Wis) as an electron-reservoir given its
excellent stability and its capacity to reversibly store a large number of electrons.*® (ii)
We have chosen Fe and Co as metal nodes in the MOF skeleton because these metals
process appropriate adsorption energy of nitrogen according to the volcano plot.>!-?
(ii1)) The POMOFs with ordered crystal structure and explicit coordination
environments facilitate catalytic mechanism analysis. (iv) Wells-Dawson POM-based
MOFs often display a rugged structure with an outstanding chemical stability, very
important for the durability tests of e-NRR. For comparison, we have also synthesized
three MOFs with similar composition but without P>Wig, formulated as:
[Fe(Pbpy)(0x)]2*(Pbpy)os [Feo.sCoo.5(Pbpy)(0x)]2(Pbpy)o.s and

[Co(Pbpy)(0x)]2-(Pbpy)os (abbreviated as FexCoyMOF, x and y are the most



simplized integers). The electrochemical results show that FexCoyMOF-P,W g obtain
higher NH3 yields and FEs of e-NRR than FexCoyMOF in ambient condition. The
catalytic mechanism analysis proves that embedding PoWis into Fe/Co bimetals
MOFs provide a multi-electron transfer pathway from P,Wis to the active center of
the Fe/Co bimetals MOFs under the action of an external electron source, which is

beneficial to promote the reduction reaction (Scheme 1).

Fe,Co, MOF-P,W,,

Scheme 1. Proposed electron-transfer channel of (a) FexCoyMOF and (b)
FexCoyMOF-P>W i3 for e-NRR.
2. Results and Discussion

Characterization of FexCoyMOF-P,Wjs Catalyst. As can be seen in the optical
pictures of the prepared compounds (Figures Sla-e), these five FexCoyMOF-P,Wi3
samples crystallize as regular hexagonal prisms and their colors lighten from dark-red
(FeMOF-P>2W13) to orange (FeCoMOF-P2Wi3g) and finally pink (CoMOF-P2Wi3) as
the Co content increases. The FeMOF sample crystallizes as orange-red block shaped

prisms (Figure S1f), whereas FeCoMOF and CoMOF crystallize as brown-yellow and



light-yellow irregular crystal, respectively (Figures Slg-h). Single crystal X-ray
diffraction analyses show that these five FexCoyMOF-P,Wig compounds are
isostructural ( %31). Hence, only the FeCoMOF-P,Wis is described in detail as an
example. The FeCoMOF-P,W s consists of nine metal ions (four and a half Fe!' ions,
four and a half Co" ions), one PoWig anion, nine Pbpy ligands, six ox?>  anions, six
coordinated water molecules and three lattice water molecules in the unit, resulting in
the formula: [FessCo4.5(Pbpy)o(0x)s(H20)s][P2W180s62]-3H20 (Figure S2). The bond
distances and angles are similar to those found in other similar POMOFs (Tables S2-
S7). Valence-bond calculations*!) and full-scan X-ray photoelectron spectroscopy
(XPS) (Figure 2) show that all the W are in the +6 oxidation state whereas all the Fe
and Co atoms are in the +2 oxidation state, resulting in a total charge of +18 for the
nine Fe/Co ions, that is balanced by six ox* dianions and one [P2W30¢2]% anion.
There are two crystallographically independent Fe(Co) centers in FeCoMOF-P2Wis.
The M1 center (M = Fe/Co) is hexa-coordinated by two N2 atoms (from two Pbpy
ligands) and four O atoms (two O1 and two O3 from two ox* ligands) (Figure S3a).
The M2 center (M = Fe/Co) is hexa-coordinated by two N1 atoms (from two Pbpy
ligands), three O atoms (O1, O2 and O4 from two ox* ligands) and a coordinated
water molecule (O1W, Figure S3b).

In the FeCoMOF-P,W s, three M1 centers and three ox> ligands are fused
together to form a three-membered triangular ring. Additionally, there are M1-M2
dimers (connected through an oxygen atom) that are further connected through

oxalate anions to form a hexagonal twelve-membered Fe/Co ring with alternating M1



and M2 centers. The triangular and hexagonal rings are fused to form a Kagomé-type
Fe/Co-ox layer by sharing O atoms of the ox* ligands. These Kagomé layers are
further connected by Pbpy ligands that are almost perpendicular to the layers, giving
rise to hexagonal and triangular channels perpendicular to the layers. The hexagonal
channels are formed around the PoW s polyoxoanions that act as templates (Figure 1).
The size of the hexagonal channels formed by the twelve-membered rings (internal
diameter of 12.293 A, Figure S4) matches the diameter of the P,W1s polyoxoanion
(11.0 A, Figure S5), leading to an effective encapsulation. This perfect fit between the
size of the pores and of the PoWis, results in a compact structure with an extremely
short PoWis---Fe/Co distance of only 4.99 A (Figure S6), which is in favor of the
directional transport of electrons in PoWi5.[**] Meanwhile, the size of the hole in the
three-membered ring (with an internal diameter of ca. 3.42 A, Figure S7) is exactly
suitable for N> molecules (diameter of 3.1 A). Therefore, this kind of structure is
advantageous to accelerate the transport of electrons and reactants, and the e-NRR

process, as we will see below.
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Figure 1. The formation process of the FeCoMOF-P2W 5.

For comparison, we synthesize three FexCoyMOF with similar composition but
without  PoWis,  formulated  as {[Fe(Pbpy)(ox)]2(Pbpy)o.s} (FeMOF),
{[Co(Pbpy)(0x)]2(Pbpy)os;  (CoMOF) and  {[FeosCoos(Pbpy)(0x)]2(Pbpy)os}
(FeCoMOF) (see supporting information for synthetic details). These compounds
present a 2D structure with small tetragonal channels, showing that the templating
P,W s are pivotal for the synthesis of the previously described 3D networks with the
large hexagonal channels. These FexCoyMOF are isostructural, as shown by powder
X-ray diffraction (PXRD) patterns (Figure S17). However, we could only obtain
single crystals of the FeMOF. The asymmetric unit of FeMOF contains two Fe(Il)
ions (Fel and Fe2), two oxalate dianion and two and a half Pbpy ligands, all located

on general positions (Figure S8). Both Fe atoms show an octahedral trans-FeO4N:



coordination environment. The Fel center is surrounded by two O2 and two O3 atoms
(from two oxalate ligands) and two N1 atoms (from two Pbpy ligands), whereas the
Fe2 center is surrounded by two O1 and two O4 atoms (from two oxalate ligands) and
two N2 atoms (from two Pbpy ligands, Figure S9). These coordination environments
are similar to those observed in Fe and Co atoms of FexCoyMOF-P, W3 as described
above. As shown in Figure S10, the Fe(II) ions and the ox*  anions form a neutral
{Fe(ox)}n regular chain along the b direction. Adjacent {Fe(ox)}» chains are
connected by slightly bent and almost orthogonal Pbpy ligands to form a
[Fe(Pbpy)(ox)] layer in the ab plane containing two different rectangular holes with
dimensions of 15.07 x 3.49 A2 and 15.07 x 7.04 A2, The valence-bond calculations®*
and XPS spectra (Figure S11) show that both Fe atoms are in the +2 oxidation states,
in agreement with the 1:1 Fe:0x? stoichiometry.

The PXRD patterns of the five FexCoyMOF-P,Wig and the three FexCoyMOF
samples are consistent with the simulated ones from the single crystal X-ray structures
(Figures S12-S17), further confirming the structure and purity of all the prepared
samples. Fourier transform infrared spectroscopy (FTIR) spectra of the five
FexCoyMOF-P>2W g samples and P,Wig are shown in Figure S18. The FTIR spectrum
of pure P,Wig shows four characteristic bands at 965, 912, 794 and 1095 cm'! that are
attributed to V(W-Oq), V(W-Ob-W), V(W-O.-W) and v(P-O) vibrations, respectively.*]
The five FexCoyMOF-P,W 3 samples also show similar peak positions. In addition,
these FexCoyMOF-P,W3 samples show bands in the 1674-1165 cm™ region,

attributed to the Pbpy and ox* ligands. The FTIR spectra further supports the



composition of all the synthesized materials.

The surface composition of as-prepared five FexCoyMOF-P,Wis and three
FexCoyMOF catalysts are analyzed by XPS (Figure 2a and Figure S1la). The XPS
results indicate that the high-resolution W 4f spectra of the five FexCoyMOF-P,Wi3
catalysts (Figure 2b) show two main peaks at 35.3 and 37.5 eV, which are attributed
to the W 4f;, and W 4fs; binding energies for W, respectively.[**! In the high-
resolution Fe 2p spectra, the binding energies at 710.1 and 723.9 eV (FeMOF-P.W5)
and 710.2 and 723.84 eV (FeMOF) are assigned to Fe*" (Figure 2¢ and Figure
S11b).451 A satellite peak (noted as “sat.”) with binding energies of 716.4 and 715.5
eV can be observed in FeMOF-P,W g and FeMOF and assigned to Fe?".[*6] The Fe
2p3» peaks of Fe;CoMOF-Po2Wig, FeCoMOF-P,Wig and FeCo,MOF-P,Wi3 are all
shifted negatively about 0.1 eV in comparison with the FeMOF-P,Wg sample. In
addition, the Fe 2p3» peak of FeCoMOF is shifted negatively about 0.15 eV in
comparison with the FeMOF sample (Figure S11b). The Co 2p region of the high-
resolution spectra (Figure 2d and Figure S11c) shows three peaks at 780.6, 781.9 and
797.0 eV for CoOMOF-P2Wgand 780.6, 782.0 and 797.0 eV for CoMOF, ascribed to
Co?".I¥71 Two satellite peaks of Co are located at 786.6 and 802.4 ¢V for CoOMOF-
P,Wis and 785.6 and 802.2 eV for CoMOF.[*81 The Co 2p peaks of Fe;CoMOF-
P>Wis, FeCoMOF-P,Wis, FeCooMOF-P,Wis and FeCoMOF show a shift towards
higher energies, when compared with the CoMOF-P2Wis and CoMOF. As the Fe
content increases, the Co 2ps3» peaks shift to higher energies. Specifically,

FeCooMOF-P,W s, FeCoMOF-P,Wis and Fe;CoMOF-P,Wis show shifts of about



0.17, 0.44 and 0.82 eV, relative to the CoMOF-P.Ws. Likewise, the Co 2p32 peaks of
FeCoMOF are shifted to higher energies about 0.39 eV compared with COMOF. The
XPS results indicate that the addition of Fe changes the electron cloud density and
electronegativity of Co, which may be increase the ability of the adsorption of N
molecules by Co, reduce the activation energy and boost electrocatalytic activity. In
addition, the Fe:Co ratio in the FexCoMOF-P,Wis, FeECoMOF-P,W s, FeCo,MOF-
P,Wis and FeCoMOF can be estimated by fitting the peak area of the XPS spectra and
inductively coupled plasma optical emission spectrometer (ICP-OES) (Table S8 to
Table S10). This analysis shows that the Fe/Co ratios are close to those of the
FeCl;-6H,O and CoCly-6H2O precursors, indicating that we have obtained
FexCoyMOF-P,W1g and FeCoMOF compounds with different Fe and Co ratios.
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Figure 2. (a) XPS survey spectra of the five FexCoyMOF-P,Wig compounds. High-
resolution XPS spectra of the five FexCoyMOF-P,Wig compounds: (b) W 4f, (¢) Fe 2p,
and (d) Co 2p.



The FexCoyMOF-P,Wig and FexCoyMOF samples have been also analyzed by
field-emission scanning electron microscopy (SEM) and energy-dispersive X-ray
spectra (EDS). Figure 3a shows the SEM image of a few hexagonal crystals of
FeCoMOF-P,Wis. The corresponding EDS of the crystal (Figures 3b-h) reveal that C,
N, O, P, W, Co, and Fe elements are uniformly distributed on the crystal surface. The
SEM and EDS of CoMOF-P,Wis, Fe;CoMOF-P2W i3, FeCo:MOF-P,W 3, FeMOF-
P,Wis, FeMOF, FeCoMOF and CoMOF are shown in Figures S19-S25, respectively.
The EDS analysis (Figures S26-S29) of the Fe/Co samples shows that all the elements
(C, O, N, P, W, Fe and Co) are present in all the samples and that the Fe:Co ratios
(Table S8 to Table S10) are consistent with the XPS results, ICP-OES and the crystal

analysis.

Figure 3. (a) SEM images of FeECoMOF-P,W 3. (b-1) EDS elemental mapping images
of C, N, O, P, W, Co, and Fe, respectively.

3. Electrochemical performances for e-NRR

The e-NRR activity of electrodes prepared with the FexCoyMOF-P,Wig and



FexCoyMOF samples were tested in 0.1 M HCI (Nz-saturated). The electrodes were
prepared as catalyst-modified carbon cloth (CC) electrodes and were directly used as
the working electrodes. The performances of the catalysts are tested using a typical
three-electrode system with a H-type cell (Figure S30). Before testing, the argon and
nitrogen gas were bubbled into oxidizing trapper (0.1 M KMnO4 solution) and
alkaline trapped (0.1 M KOH) to purge the NOy in the gas. The UV—vis adsorption
spectra of electrolyte indicate that the absence of NOx in N> gas (Figure S31 and
Figure S32). We introduce the N> into the cathode chamber of the electrolytic cell for
30 min to saturate the electrolyte. All the potential mentioned in this study are given
versus the reversible hydrogen electrode (vs. RHE). The amount of NH3 produced by
the e-NRR is quantified by the ion chromatography, indophenol blue and Nessler’s
reagent method (Figures S33 to S35 and Table S11).1*°1 We use Watt and Chrisp
method to detect the NoHs-H>O (Figure S36).5%

Figure 4a shows the linear sweep voltammetry (LSV) curves of FeCoMOF-
P>Wis in N2- and Ar-saturated electrolytes. The reduction current density is enhanced
under N> atmosphere when compared with Ar within a potential window of -0.2 to -
0.7 V (vs. RHE), suggesting that in this potential range, electrocatalytic N> reduction
occur. As depicted in the chronoamperometry test (Figure 4b and S37), the current
density of FeCoMOF-P,Wi3 increases with the increasing working potential. We have
tested the e-NRR performances for all the FexCoyMOF-P,W g samples (Figures 4c-f,
S35, S38-S42 and Table S11) after electrolysis for 2 h obtained by the ion

chromatography, indophenol blue and Nessler’s reagent methods in 0.1 M HCI



electrolyte. As shown in Table S11, three methods give very similar results. As can be
seen in Figures S38-S42, the highest NH3 yields rates are obtained at -0.4 V (vs. RHE)
and as can be seen in Table S11 and Figures 4e-f, the FeCoMOF-P,Wig sample
provides higher NHs yield rate and FE (47.04 pg h™' mgea! and 31.76 %,
respectively) than the other bimetallic samples: Fe;CoMOF-PaWig (32.21 ug h!
mgea ' and 20.25 %) and FeCo,MOF-P,W g (22.75 pg h™! mge. ! and 14.55 %) and
much higher than the homometallic samples FeMOF-P,W g (17.45 ugh h™' mgca: ™!
and 13.69 %) and CoOMOF-P2Ws (16.07 ug h™! mgea. ™' and 11.09 %). Furthermore,
the excellent performances of sample FeECoMOF-P,W g are better than those of many
electrocatalysts in aqueous electrolytes (Table S12). Notably, when the applied
potential is over -0.4 V (vs. RHE), both the NH3 yield rates and FEs show a decrease
that may be caused by competitive adsorption of nitrogen and H*/H, on the
FeCoMOF-P,W s material.5!]

The much lower NH; yield rates and FEs shown by the two homometallic
samples (FeMOF-P,Wig and CoOMOF-P,Wi3) strongly support the idea that there is a
synergistic effect between Fe and Co in the bimetallic FexCoyMOF-P>2W g materials.
To further confirm this synergistic effect of Fe and Co and check the need of the
P>Wis in these catalyst systems for e-NRR, we have also tested the catalytic activity
of P,Wis and of the three FexCoyMOF samples (that do not contain the P;Wig). As
shown in Figures 4e-f and Figures S43-S45, the performance of the bimetallic
FeCoMOF sample is much lower than that of the FeCoMOF-P>W 5 sample, indicating

that the P, Wis POM is needed to obtain a good catalyst for e-NRR. Furthermore, as



expected, the FeCoMOF sample shows a higher NH3 yield rate (12.14 ug h™! mgea ™)
and FE (11.85 %) than those of the two homometallic samples FeMOF (8.69 pg h-
"' mgea ! and 7.66 %) and CoMOF (8.85 pg h™! mgea ! and 7.7 %). This result further
confirms the importance of the Fe/Co synergy. Also as expected, the pure P,Wis
sample shows an almost negligible amount of ammonia production (Figure S46),
indicating that pure P,Wig has almost no e-NRR activity. The comparison of the e-
NRR performances of FexCoyMOF-P,Wis, FexCoyMOF and pure P,Wis, leads to the
following conclusions: (1) The Co and Fe are the catalytic active centers in the
FexCoyMOF-P,W g rather than the PaWis. (2) There is a strong electron interaction
and synergy between Co and Fe in the e-NRR, as described by the analysis of XPS
spectra; (3) The P W13 in the FexCoyMOF-P>,W g materials plays an important role in

accelerating and facilitating the electrons transfer in the e-NRR process.
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Figure 4. Electrocatalytic performances of FeECoMOF-P2Wis: (a) LSV curves in Ar-
and Np-saturated 0.1 M HCIL. (b) Chronoamperometry test at various potentials. (c)
UV-Vis absorption spectra. (d) NH3 yield rates and FE obtained by the indophenol
blue method. (¢) NH3 yield rates and (f) FEs for FexCoyMOF-P,Wis and FexCoyMOF
samples obtained by the indophenol blue method.



We use electrochemical double layer capacitance (Ca) to assess the
electrochemical active surface area (ECSA), which can further explain the enhanced
e-NRR activity."?! The cyclic voltammetry (CV) curves are measured in the 450-550
mV range at sweep rates varying from 5 to 100 mV s (Figure 5a and Figure S47).
The result shows that: (i) FeECoMOF-P,W s exhibits a larger Cq value (1.22 mF cm2)
than the other FexCo,MOF-P,Wis compounds (FeMOF-P,W;s = 0.84 mF cm™2,
Fe;CoMOF-P,W s = 1.14 mF cm 2, FeCooMOF-P,Wig = 1.10 mF cm 2 and CoMOF-
P,Wis = 0.88 mF ¢cm2), and (ii) that the FexCoyMOF-P,W s compounds exhibit larger
Ca values than FexCo,MOF (FeMOF = 0.59 mF ¢cm2, FeCoMOF = 0.71 mF cm2 and
CoMOF = 0.35 mF cm2), P,W i3 (0.34 mF cm2) and CC (0.14 mF ¢m™2). In addition,
from the Nyquist plots (Figure 5b, Figure S48 and Table S13),°21 FeCoMOF-P,W s
presents smaller charge transfer resistance than the other materials (FEMOF-P>Ws,
FexCoMOF-P2Wis, FeCooMOF-P,W 13, CoMOF-P,W13, FeMOF, FeCoMOF, CoMOF
and pure P,Wig), indicating that the encapsulation of the P,Wig and an appropriate

Fe:Co ratio will result in a large ECSA and faster electron transfer.
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Figure 5. (a) Electrochemical active surface area (ECSA) of all the studied
compounds. (b) Electrochemical impendence spectra of all the studied samples (inset:



Zoom of the high-frequency range of the EIS spectra and fitted circuit diagram).

A series of control experiments has been conducted to verify the source of the
produced NHj3: (1) CC as the working electrode with N»-saturated 0.1 M HCI
electrolyte; (2) FeCoMOF-P,Wi3-CC electrode as the working electrode under an Ar-
saturated 0.1 M HCI electrolyte and (3) N gas is introduced into the cathode reaction
chamber at the open circuit potential (OCP). As expected, no NH3 is detected (Figure
6a) as confirmed by the corresponding UV-vis absorption spectra (Figure S49). The
above experiments revealed that NH3 is obtained by the electroreduction reaction of
N> instead of other ways (as NH3 contamination from the glassware or atmosphere).
In order to further verify the source of NH3, we have performed N-isotope labeling
experiments. When '°N; is used as filling gas in the electrolyte, we can observe, after
potentiostatic polarization and concentration, two peaks of equal intensity (J = 72.9
Hz) in the '"H-NMR of the resulting gas, that correspond to the characteristic peaks of
ISNH4*. Note that "“NH4" shows three peaks of equal intensity (J = 52.5 Hz) (Figure
6b and Figures S50-S51).54 The isotopic "N measurements further prove that the
content of the 'NH4" product after N, reduction is 46.12 pgh' mge! as
determined by the calibration of standard curves of "'NH4" (Figure 6¢), which is in
good consistency with that detected by the ion chromatography, Nessler’s reagent and
indophenol blue methods. The above results strongly support that all the ammonia
comes from the conversion of N2 on the FeECoMOF-P,W 3 electrocatalyst. Obviously,
no NoH4-H>O is detected during the electrolytic process, confirming a high e-NRR
selectivity of FeCoMOF-PoW g for NH3 formation (Figure 6d and Figure S52), and an

associative distal e-NRR pathway on the FeCoMOF-P,Ws catalyst surface.l!



Figures S53-S59 show that N>H4-H>O are neither detected during the electrolytic
processes for FeMOF-P, W3, CoOMOF-P,W i3, Fe2CoMOF-P,Wig, FeCooMOF-P2Wis,

CoMOF, FeCoMOF and FeMOF.
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Figure 6. (a) NH; yield rates observed for: FeECoMOF-P>,W i3 in Ar- or N»-saturated
electrolyte, CC in Nz-saturated solution at -0.4 V (vs RHE) and FeCoMOF-P,W i3 in
N»-saturated electrolyte under OCP. (b) 'H-NMR analysis of the electrolyte fed by
N>, Ar and PN, after the electrolytic reaction. (c¢) NH3 yield rates obtained for
FeCoMOF-P,Ws using “N, and "N, as the feeding gas. (d) UV-vis absorption
spectra in 0.1 M HCI electrolyte of FeCoMOF-P,Wi5 for the colorimetric NoH4-H>O
assay using the Watt and Chrisp method.

The electrocatalysts stability is a very important parameter to evaluate. After
immersing the five FexCoyMOF-P2W g compounds in HCI or KOH aqueous solution
(0.1 M) for 48 h or keeping them in an oven at 200°C for 2 hours, the PXRD patterns
of the five FexCoyMOF-P.Wis compounds remain unchanged, indicating that
compounds FexCoyMOF-P,W 3 have high chemical and thermal stabilities (Figures

S60-S69). These FTIR spectra further proves the above conclusion (Figure S70). In



addition, we re-measured the crystal data of a single crystal of compound FeCoMOF-
P>Wig that was soaked in an aqueous solution for more than a year and found that it
also exhibited a good diffraction pattern (Figure S71). In addition, consecutive
recycling tests were performed at -0.4 V (vs. RHE) for the five FexCoyMOF-P>2W s
compounds in a Nz-saturated 0.1 M HCI electrolyte. Figure 7a and Figure S72 show
the stationary chronoamperometry curves of the five FexCoyMOF-P,Wig compounds
at -0.4 V (vs. RHE) for consecutive 5 cycling tests. Figures 7b-c and Figures S73-S77
show that the five FexCoyMOF-P,Wig samples have stable NH3 yield rates and FEs
(the corresponding UV-vis absorption spectra are tested by using the indophenol blue
and Nessler’s reagent methods). In-the-experiment-ofWhen varying the N, flow rates,
FeCoMOF-P,Wg-still showsing a-stable NH; yield rates and FEs at —0.4 V (vs. RHE),
which—showing that N, diffusion is a non-rate-determining step (Figure S78).
Moreover, the current densities of the five FexCoyMOF-P,Wis compounds show no
variation in 12 h of e-NRR process and there are no significant changes for the NH3
yield and FEs after the 12 h test (Figure 7d and Figure S79). The XRD patterns and
FTIR spectra of FexCoyMOF-P,W i3 after 12 h electrocatalytic testing do not change
before and after the electrocatalytic reaction (Figure S80), further proving the stability

of the five FexCoyMOF-P,W 3 catalysts.
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Figure 7. The FeCoMOF-P,W 3 stability tests: (a) Chronoamperometry test at a
constant potential for 5 cycles. Corresponding NH3 yield rates and FEs by (b) the
indophenol blue and (c) the Nessler’s reagent methods. (d) j-t curve for 12 h of
continuous e-NRR process (inset: the NH3 yields and FEs of before and after
electrolysis for 12 h.

4. Understanding the Possible Mechanism in Catalytic Activity

To gain in-depth insight into the effect of P,W1g and metals sites (Fe or Co) on e-
NRR efficiency, CV experiments and DFT calculations have been performed. The CV
experiments of the pure PoWig (tetrabutylammonium salt), three FexCoyMOF and
three FexCoyMOF-P,Wis samples (FeMOF-P,Wis, FeCoMOF-P.W13 and CoMOF-
P>Wi3g) have been studied in 0.1 M Nz-saturated HCI electrolyte. The CV curves of
the FexCoyMOF samples all show two reduction peaks (0.20 V and -0.41 V vs. RHE
in FeMOF), (0.21 V and -0.40 V vs. RHE in FeCoMOF) and (0.21 V and -0.41 V vs.
RHE in Co-MOF), corresponding to the reduction process of Co or Fe (Figure S81).
The reduction peaks of pure P,W i3 are observed at 0.32 V, -0.23 V, -0.39 V and -0.64

V vs. RHE. It is worth noting that the reduction peaks of pure P;Ws are clearly more



positive than those of FexCoyMOF (the second reduction peaks, -0.41 V, 0.40 V and -
0.41V), indicating that the pure P,W s get electrons preferentially.

In the FexCoyMOF-P,Wig compounds, the reduction peaks at 0.35 and -0.18 V
(CoMOF-P>W1g), 0.33 and -0.20 V (FeCoMOF-P,Wig) and 0.40 and -0.20 V
(FeMOF-P>2W13) correspond to the electron storage of the P,Wig (Figure S81). In
contrast, the broad reduction peaks at ca. -0.43 V (CoMOF-P,Wig), -0.42 V
(FeCoMOF-P,W13) and -0.42 V (FeMOF-P,W13), correspond to the overlap of the last
reduction peak of the FeyCoyMOF and the middle reduction peak of the P,Wis,
suggesting that there is a strong electron transfer between the FexCoyMOF and the
P,Wis. Additionally, we have studied the CV curves of FeMOF-P,Wig, FeCoMOF-
P,Wis and CoOMOF-P,W s at different scan rates (25 to 125 mV s7!) (Figures S82a,
S83a and S84a). These studies (Figures S82b, S83b and S84b) show that the redox
peak currents increase linearly with the square root of the scan rates, indicating that
the electrochemical process is a diffusion-controlled process.!>6-57]

To explore the electron storage and transfer behavior in the electrochemical
process of FeMOF-Po2W 13, FeCoMOF-P,Wis and CoOMOF-P,W i3, we have conducted
a series of Kohn-Sham DFT calculations using the standard B3LYP functional (Figure
S85 and Table S14). Figure 8a compares the orbital energies and composition of
FeMOF-P,Wig, FeCoMOF-P;Wis and CoMOF-P>W g with those of the pure PoaWis.
It is noteworthy that the involvement of PoWis induces obviously different lowest
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital

(HOMO). The P2Wig has a lower LUMO energy than FeMOF-P,W 3, FeCoMOF-



P,Wis and CoMOF-P>W1s. This fact implies that the electrons will preferentially be
localized on the P,Wig units during the electrochemical reduction process. Only when
the LUMO orbital of P,Ws is filled with electrons (P2W s is fully reduced), then the
electrons will be transferred into the MOFs LUMO. Considering the HOMO orbital,
we can see that FeCoMOF-P,Wig has a higher HOMO energy than FeMOF-P, W3
and CoMOF-P>W s, indicating that FeCoMOF-P>W s has a stronger reduction ability.
Such calculation indicates that in the electrocatalytic process, PWig receives the
electrons and acts as an electron reservoir that, once filled with electrons, will
transfers them to the dual-metal-site of FeCoMOF-P2W 5. The higher HOMO energy
of the catalysts with two different metallic sites (FeECoMOF-P>Wg) is responsible for
its higher e-NRR catalytic activity due to its stronger reducing power.

To further verify the excellent e-NRR activity of FeCoMOF-P;Wis, we
calculated the activation energies of N> to *NoH step for FexCoyMOF-P2Wis
(FeMOF-P,W15, CoMOF-P,Wis and FeCoMOF-P,Wi3g). Primarily, the differential
charge density (Figure 8b and Figure S86) reveal that the electrons provided by
FeCoMOF-P;Ws are mainly accumulated at the P2Wis. The electron-rich structure
may be used as an electron transfer device to transfer electrons to the active site,
which would conducive to the adsorption of N> molecules and reaction intermediates.
Then, we have investigated the N> adsorption on FeCoMOF-P,W s, which show that
N2 is located between the Co and Fe (via end-on mode), but the position is more
inclined to Co (Figure 8c). According to the above results, we can infer that Co is the

real active center and the introduction of Fe only affects the catalytic ability of Co.



The Gibbs free energy distribution have used to further analyze the enhanced e-NRR
performance of FeCoMOF-P,Wis (Figure 8d). For this step of N» to *N; of
FexCoyMOF-P,W1g, we have found that FeCoMOF-P2Wig exhibit moderately N>
adsorption capacity (neither too strong nor too weak) than single metal catalysts
(FeMOF-P,Wis or COMOF-P>Wig), which suggests that FeCoMOF-P,Wi3 is able to
simultaneously activate inert N> and rapidly promote the desorption of generated NH3
from the catalyst surface. For the *N> to *N,H step, the free energy of FeMOF-P2W s
is 1.38 eV and that of CoMOF-P,Wig is 0.74 e¢V. When Fe is introduced, the free
energy of FeCoMOF-P,W g have reduced to 0.64 eV. This decrease in free energy can
be ascribed to that the introduction of Fe optimizes the electronic structure of Co and
lowers energy barrier of Co, which make the neighboring Co atoms more positive
(XPS also proved this result) and more favorable for N, activation. In addition, the
charge density difference analysis shows that: compared with FeMOF-P,Wis or
CoMOF-P,W s, the FeCoMOF-P>W s provides more electrons for the adsorption and

activation of N, which means that a better e-NRR effect can be obtained (Figures 9a-

c).
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Figure 8. (a) Computed frontier orbitals (compositions and energies) for PaWis,
FeMOF-P,Wig, FeECoMOF-P,W s and CoMOF-P,Wis. (b) Charge density difference
of FeCoMOF-P,W s (isosurface: 0.005 eV A-). Charge accumulation and depletion
are depicted in yellow and blue, respectively. P,Wig tend to carry a large amount of
charge. (c) Optimized structures of the intermediates for e-NRR reaction (FeCoMOF-
P>Wig). (d) Gibbs free energies for catalysts. Note: an asterisk (*) denoted as the
adsorption site.

In situ Fourier-transform infrared spectroscopy (FTIR) wais performed to further
investigate the intermediate species on the FeCoMOF-P>W s during the NRR. Figure
9d shows the in situ FTIR spectra of N passed through the electrolyte at different
potentials. With the—increasing of potentials, the peak intensity at 1120 cm!

(corresponding belong—to the N-N stretching bond) is—gradually increasesd,—which

indicatinges that the N=N triple bond is broken and -N>Hy (1 <y < 4) generated on
the surface.l®®) As shown in Figures 9d-e, the peaks at 1420 and 1690 cm™! are caused
by the asymmetric and symmetric deformation vibrations of NH4", respcetively. The
bands at 1510/1550, 1330 and 3230 cm™! are attributed to the H--N—H and =NH

wagging and N—H stretching of adsorbed N2Hy species, respectively.>*! Because the



N2H4 was not detected in the products of NRR (Figure 6d and S51), it can be deduced

that the NRR proceeds following an associative distal mode.
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Figure 9. (a)-(c) Charge density difference of N> adsorbed on the catalysts. The
yellow and grass-green contour lines in the figure represent accumulation and
consumption of electrons, respectively. (d-e) In situ FTIR spectra from —0.2 to —0.7 V
(vs. RHE) on the FeCoMOF-P,Wis in the Nj-saturated 0.1 M HCI solution. The
reference spectrum was taken at open circuit potential.

Based on the experimental results and theoretical calculations, we get a
conclusion: the Co is the catalytic active centers and the introduction of Fe promotes
the e-NRR performance improvement of Co (Figure S87), whereas the P Wis acts as
an electron reservoir, supplying a steady stream of electrons through a one-direction
pathway to the active centers. The specific reasons are as follows: (1) In the e-NRR
experiment, the NH3 production of pure P2Wisg is almost negligible, which indicates
that the catalytic active center is in the MOFs. (2) The XPS spectra show that the Fe

and Co peaks in the bimetallic sample shift compared to the monometallic samples,



indicating that there is a strong electronic interaction and synergy between the two
atoms. The DFT calculations and in situ FTIR show that the introduction of Fe both
optimizes the electron density on the Co and reduces the energy from *N; to *N,H.
(3) The Kohn-Sham DFT calculations and CV curves show that POMs become
reduced firstly and then transfer the electrons to the MOFs, accelerating the electron
transfer from the electrode to the active site in the FeCoMOF-P,W g, which markedly

increase the catalytic activity of FeECoMOF-P,W 3 for e-NRR.
5. Conclusions

In summary, a series of polyoxometalate-based bimetallic electrocatalysts with
precise component and construction formulated as FexCoyMOF-P,Wig have been
designed and constructed for effective e-NRR. The synergetic effect of P2 Wis and
FexCoyMOF results in a significant enhancement of the e-NRR activity in
FexCoyMOF-P2W13 compared with that of FexCo,MOF and pure P,Wis. Catalyst
FeCoMOF-P,W s shows the highest NH3 yield rate of 47.04 pug h™! mge.!, a Faradaic
efficiency of 31.76 % at -0.4 V (vs. RHE) and long-term stability compared with other
FexCoyMOF-P,Wi3 catalysts. DFT calculations and in situ FTIR confirm the
directional electron transfer from P,Wis to FexCoyMOF that results in the increase of
electron density at the bimetallic-site, and further significantly enhances the
electrocatalytic activity of FexCoyMOF-P,Wig for e-NRR. In addition, the
introduction of Fe optimizes the electronic structure of Co and reduces the energy of
the *Nz to *Np;H step further improving the electrocatalytic performance of

FexCoyMOF-P,W g for e-NRR. In summary, this work presents a rare example of e-



NRR electrocatalysts with precise component and construction and shows some hints

to construct POMOFs catalysts with high e-NRR activity.
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