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The development of efficient electrocatalysts for the nitrate reduction reaction (NOsRR) to ammonia is crucial for
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sustainable nitrogen management, but remains challenging due to intricate multi-step mechanism and competing side

reactions. A key bottleneck is the severe imbalance between the generation and consumption of H*, which critically

constrains ammonia selectivity and yield. Herein, a molecular engineering strategy was developed, through the

implantation of Pd-porphyrin to promote the generation of H* and meanwhile the graft of ethoxyphenyl groups to create

hydrophobic microenvironment and inhibit hydrogen evolution reaction. The covalent organic framework of Pd-PCOF-

2(Cus), which was prepared from the reaction of Pd(ll) diaminoporphyrin and trinuclear copper cluster aldehyde, achieved
a high NH; Faradaic efficiency of 94.7% and rate of 15.09 mg-h-*.cm~2. A rechargeable Zn-NOs~ battery with Pd-PCOF-
2(Cus) as the cathode was further constructed, which served as a dual-function system for both power output and

ammonia production.

Introduction

Ammonia (NHs) is a pivotal chemical commodity in modern
society, which serves not only as the fundamental feedstock
for the fertilizer industry but is also regarded as a promising
future energy carrier due to its high energy density and
carbon-free nature.[*2 Currently, industrial ammonia synthesis
still predominantly relies on the conventional Haber-Bosch
process with harsh conditions of high temperature (350-550 °C)
and high pressure (15-25 MPa), which is associated with
substantial energy consumption, significant carbon emissions
and a deep reliance on fossil fuels, starkly contradicting the
global "carbon neutrality" goal.®! In this context, the direct
electrochemical reduction of atmospheric nitrogen (NRR) to
ammonia, utilizing renewable electricity and water as the
proton source, has garnered significant research interest due
to its mild operating conditions and environmentally friendly
characteristics. However, its practical application is severely
limited by the extremely high dissociation energy of the N=N
triple bond (941 kJ-mol™!) and the low solubility of N3 in
aqueous solutions (~0.6 mM), resulting in poor reaction
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kinetics and negligible yield.[45]

Inspired by the comparatively lower dissociation energy of
NOs~ (204 kJ-mol™1) and its high solubility, the formation of
NHs; from the electrocatalytic nitrate reduction reaction
(NO3RR) has emerged as a compelling alternative strategy.[6-8]
Nevertheless, the NO3RR process involves a complex multi-
step mechanism encompassing an eight-electron, nine-proton
transfer pathway (NO3~ + 9H* + 8e~ = NH3 + 3H;0), with the
sequential hydrogenation/deoxygenation step of NOs3~ and
critical intermediates such as nitrite (NO2") driven by active
hydrogen (H*) from H,0 decomposition/reduction.[®10] Hence,
the supply and utilization of H* play a pivotal role.[!112] An
inadequate supply of H* can kinetically Ilimit the
hydrogenation steps, leading to the accumulation of reaction
intermediates and reduced efficiency. Conversely, an over-
abundance of H* readily promotes H-H coupling, triggers the
competing hydrogen evolution reaction (HER) and lowers the
Faradaic efficiency for NHs. Therefore, the precise regulation
of the H* supply to couple with the specific hydrogenation
steps of the nitrate reduction pathway is crucial for achieving
optimal performance.['314] Some strategies to address this
issue have been reported, including single-atom alloys, dual-
atom catalysts and heterojunction engineering.[15-20] Given that
hydrophobicity can limit the accumulation of water molecules
at the catalyst surface and thus suppress HER, the rational
construction of a hydrophobic microenvironment to precisely
regulate the supply of H* represents a feasible strategy.?! So
far, its application in the field of electrocatalytic NOsRR has
been underdeveloped.

Owing to the precise structural tunability and
covalent architectures, covalent organic frameworks (COFs)

robust
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displayed advantages in electrocatalytic reactions, especially in
alkaline conditions.[2228]  Porphyrins possess conjugated
structures and excellent electrical properties, and are thus
employed as pivotal building blocks and active sites in the
construction of porphyrin-based COFs (PCOFs) for
electrocatalytic applications.[2?351 Furthermore, the single-
metal site within the metallporphyrin is pivotal for the
formation of M-H (metal-hydride) active species, which could
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assist in the electrocatalytic reduction of NOsz™\tg, NHz-BS37
Nevertheless, the vast majority of FEPoHREA3PTOFI164pE
structurally limited to sqg/ topology derived from Cs-symmetric
tetraphenylporphyrin building blocks. Consequently, not only
the promising strategy of porphyrin side-chain engineering for
PCOFs remains largely unexplored, but also the design and
construction of new PCOF topology merit further investigation.
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Figure 1. Schematic illustration of electrocatalytic NOsRR by Pd-PCOF-2(Cus).

Herein, three new A,B;-type diaminoporphyrin monomers
were designed and synthesized, which subsequently reacted
with a trinuclear copper cluster (Cus) aldehyde ligand via
Schiff-base condensation, giving rise to three two-dimensional
imine-linked PCOFs with ABC stacking and a hcb topology,
denoted as Pd-PCOF-1(Cus), Pd-PCOF-2(Cus), and PCOF-2(Cus),
respectively. On one hand, the precise integration of
hydrophobic phenyl or ethoxyphenyl side groups of porphyrins
engineered a pore-confined hydrophobic microenvironment.
On the other hand, the introduction of Pd centers within the
porphyrin macrocycles, alongside the Cus, established well-
defined bimetallic active sites. This deliberate architectural
design facilitated exceptional electrocatalytic performance for
the NOsRR under alkaline conditions. Catalytic results showed
that Pd-PCOF-2(Cus) achieved a remarkable Faradaic efficiency
up to 94.7% and a high NHs; generation rate of 15.09
mg-h~t-cm™2 at applied potentials of -1.0 V and -1.1 V vs. RHE,
respectively, and maintained stable performances over 10
consecutive catalytic cycles, which ranked top among the
reported COFs/MOFs-based electrocatalysts (Table S1).
Mechanistic investigations revealed that the hydrophobic
microenvironment played a critical role in precisely regulating
the supply of H*, which could effectively suppress the
competing HER. Concurrently, the Cus and Pd centers served
as the catalytic sites for the adsorption/activation of NOs™ and
the hydrogenation of the NO,™ intermediate, respectively,
forming an efficient bimetallic synergistic catalytic mechanism,

2| J. Name., 2012, 00, 1-3

which minimized the accumulation of NO, , enhanced the
overall reaction rate, and optimized NO3~ to NHs conversion
(Figure 1).

Experimental

Synthesis of 5,15-diphenyl-10,20-bis(4-nitrophenyl)
porphyrin (DNPP). Prior to the synthesis of DNPP, 2,2'-((4-
nitrophenyl)methylene)bis(1H-pyrrole) (NPBPR) was prepared
(Figures S1 and S2). And then, NPBPR (5.34 g, 0.02 mol),
benzaldehyde (2.12 g, 0.02 mol) and propionic acid (300 mL)
were mixed in a 500 mL round-bottom flask. The mixture was
stirred at 140 °C for 2 h and then cooled down to room
temperature. After propionic acid was removed under reduced
pressure, the crude product was purified by column
chromatography (silica, CH,Cl,/MeOH 49:1) to afford DNPP as
purple solid (0.78 g, 11% yield).

Synthesis of 5,15-bis(4-ethoxyphenyl)-10,20-bis(4-
nitrophenyl)porphyrin (EDNPP). EDNPP was synthesized using
the similar procedure as that of DNPP except that
benzaldehyde was replaced by 4-ethoxybenzaldehyde (3.0 g,
0.02 mol). EDNPP was obtained as purple solid (0.95 g, 12%
yield).

Synthesis of 5,15-bis(4-ethoxyphenyl)-10,20-bis(4-
aminophenyl)porphyrin (EDAPP). EDNPP (0.317 g, 0.4 mmol),
stannous chloride dihydrate (SnCl-:2H,0, 0.36 g, 1.6 mmol),
tetrahydrofuran (THF, 70 mL) and concentrated hydrochloric

This journal is © The Royal Society of Chemistry 20xx
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acid (HCI, 10 mL) were mixed in a 250 mL round-bottom flask.
The mixture was stirred at 70 °C for 2 h and then cooled down
to room temperature. After the excess HCl was neutralized
with ammonia water, the mixture was extracted with CH,Cl,.
The organic layer was collected, dried over Na,SOs; and
concentrated under reduced pressure. Subsequently, the
crude product was purified by column chromatography (silica,
CH>Clo/MeOH 49:1) to afford EDAPP as purple solid (0.264 g,
90% yield). *H NMR (400 MHz, DMSO-ds, Figure S3) 6 8.92 (d, J
= 4.8 Hz, 4H), 8.82 (d, J = 4.8 Hz, 4H), 8.11 (d, J = 8.4 Hz, 4H),
7.85 (d, J = 8.1 Hz, 4H), 7.37 (d, J = 8.5 Hz, 4H), 7.01 (d, J = 8.3
Hz, 4H), 5.57 (s, 4H), 4.35 (q, J = 6.9 Hz, 4H), 1.54 (t, J = 6.9 Hz,
6H), -2.79 (s, 2H).

Synthesis of Pd(I1)-5,15-diphenyl-10,20-bis(4-
nitrophenyl)porphyrin (Pd-DNPP). DNPP (0.35 g, 0.5 mmol),
palladium chloride (PdCl3, 0.35 g, 2 mmol) and DMF (200 mL)
were mixed in a 500 mL round-bottom flask. The mixture was
stirred at 160 °C for 12 h and then cooled down to room
temperature. After DMF was removed under reduced
pressure, the crude product was purified by column
chromatography (silica, CH2Cl,/MeOH 49:1) to afford Pd-DNPP
as reddish purple solid (0.364 g, 90% vyield).

Synthesis of Pd(ll)-5,15-bis(4-ethoxyphenyl)-10,20-bis(4-
nitrophenyl)porphyrin (Pd-EDNPP). Pd-EDNPP was
synthesized using the similar procedure as that of Pd-DNPP
except that DNPP was replaced by EDNPP (0.396 g, 0.5 mmol).
Pd-EDNPP was obtained as reddish purple solid (0.412 g, 92%
yield).

Synthesis of Pd(I1)-5,15-diphenyl-10,20-bis(4-
aminophenyl)porphyrin (Pd-DAPP). Pd-DAPP was synthesized
using the similar procedure as that of EDAPP except that
EDNPP was replaced by Pd-DNPP (0.32 g, 0.4 mmol). Pd-DAPP
was obtained as reddish purple solid (0.282 g, 94% vyield). 'H
NMR (400 MHz, DMSO-ds, Figure S4) & 8.93 (d, J = 5.0 Hz, 4H),
8.75 (d, J = 4.9 Hz, 4H), 8.18 (d, J = 5.2 Hz, 4H), 7.92 - 7.73 (m,
10H), 6.99 (d, J = 8.0 Hz, 4H), 5.56 (s, 4H).

Synthesis of Pd(ll)-5,15-bis(4-ethoxyphenyl)-10,20-bis(4-
aminophenyl)porphyrin (Pd-EDAPP). Pd-EDAPP was
synthesized using the similar procedure as that of Pd-DAPP
except that Pd-DNPP was replaced by Pd-EDNPP (0.358 g, 0.4
mmol). Pd-EDAPP was obtained as reddish purple solid (0.295
g, 88% yield). 'H NMR (400 MHz, DMSO-ds, Figure S5) 6 8.92 (d,
J=4.9 Hz, 4H), 8.81 (d, J = 5.0 Hz, 4H), 8.08 (d, / = 8.4 Hz, 4H),
7.81 (d, J = 8.1 Hz, 4H), 7.36 (d, J = 8.3 Hz, 4H), 7.00 (d, J = 8.2
Hz, 4H), 5.58 (s, 4H), 4.35 (q, J = 7.1 Hz, 4H), 1.55 (t, J = 6.9 Hz,
6H).

Synthesis of Pd-PCOF-1(Cus). Pd-DAPP (22.47 mg, 0.03
mmol), Cus(PyCA); (9.52 mg, 0.02 mmol), n-butanol (n-BuOH,
0.5 mL) and o-dichlorobenzene (0-DCB, 0.5 mL) were
sequentially added to a 10 mL Schlenk tube and sonicated for
5 min. Subsequently, TFA (6 M, 0.1 mL) was added to the tube
and sonicated for 5 min, and then the tube was degassed and
heated at 120 °C for 3 days. The precipitated solid was
collected by centrifugation and washed sequentially with THF,
DMF and acetone several times. The solids were dried at 100

This journal is © The Royal Society of Chemistry 20xx
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°C for 12 h to afford Pd-PCOF-1(Cus) (27 mg, 85%,yield).asred
powders. DOI: 10.1039/D6SC01645F

Synthesis of Pd-PCOF-2(Cus) and PCOF-2(Cus). The synthesis
procedure for Pd-PCOF-2(Cus) and PCOF-2(Cus) was similar to
that of Pd-PCOF-1(Cus) except that Pd-EDAPP and EDAPP were
used instead of Pd-DAPP. Pd-PCOF-2(Cus) (30 mg, 86% yield)
and PCOF-2(Cus) (22.3 mg, 71% vyield) were obtained as red
and brown powders, respectively.

Electrochemical measurements. To prepare the working
electrodes, 10 mg of the as-prepared catalyst, 5 mg of
acetylene black, and 50 pL of Nafion solution (5 wt%) were
dispersed in 450 uL of isopropanol (IPA) and sonicated for 30
min to give a homogeneous catalyst ink. Subsequently, 50 pL
of the catalyst ink was dropped on a hydrophobic carbon cloth
with an area of 1 cm? (the area of carbon cloth was 1 x 2 cm?)
and dried at 80°C for 1 h to achieve a catalyst areal loading of
1 mg-cm2. The electrochemical NOsRR measurements were
carried out with a standard three-electrode system using a
typical H-type electrolytic cell separated by a Nafion 117
membrane at room temperature and atmospheric pressure.
The H-cell was conducted on a CHI 660E workstation (Shanghai
Chenhua), and equipped with Platinum plate counter
electrode and Hg/HgO (with 1 M KOH solution) reference
electrode. All the potentials in the measurements were
transformed against reversible hydrogen electrodes (RHEs)
according to Potential = Eng/rgo + 0.0592 pH + 0.098 V (pH = 14
for 1 M KOH). The electrolyte (60 mL 1 M KOH) was evenly
distributed to the cathode and anode compartment and 0.1 M
KNO3 was added only to the cathode compartment. Before the
electrochemical measurement, the electrolyte of cathode
compartment was purged with 20 sccm of high-purity Ar
(99.999%) for 10 min to remove dissolved O, and the flow
rate of Ar was adjusted to 10 sccm during the measurement.
Linear sweep voltammetry (LSV) was collected at a scan rate of
10 mV sl. The chronoamperometry test was performed at
every 0.1 V from -0.6 V to -1.1 V vs. RHE for 1000 s under a
constant stirring rate of 800 rpm, and the products (NH3, NOy
and H;) were determined quantitatively separately. For cycle
stability test, the chronoamperometry test was performed at -
0.9 V vs. RHE for 1000 s and using the fresh electrolyte for
every cycle. Electrochemical impedance spectroscopic (EIS)
measurements were performed with 5 mV amplitude over a
frequency ranging from 1000000 to 0.1 Hz at 0 V.

Assembly of the Zn-NOs" battery and electrochemical test.
The Zn-NOs™ battery was constructed using a typical H-type cell,
in which the carbon cloth-supported Cus-Pd-PorMCOF-2 (1 x 1
cm?, catalyst mass loading of 1 mg-cm=2) and Zn plate (2 x 2
cm?) served as the cathode and anode, respectively. The
catholyte (60 mL 1 M KOH + 0.1 M KNO3s) and anolyte (1 M
KOH + 0.2 M Zn(Ac)z) were separated by a Nafion 117
membrane. Before electrochemical tests, the catholyte was
purged with high-purity Ar (99.999%) for 30 min to remove
dissolved 0,. The open-circuit voltage test, discharging
polarization curves with a scan rate of 10 mV-s7,
chronoamperometry (i~t) and discharge-charge processes at a
constant current density of 1 mA.cm2 were conducted on a

J. Name., 2013, 00, 1-3 | 3
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CHI 660E workstation (Shanghai Chenhua) at room
temperature. After electrochemical test, the catholyte was
collected and the ammonia concentration was measured
through the indophenol blue method.

The power density (P) of the Zn-NOs~ battery was calculated
by the following formula:

P=IxV

where / and V are the discharge current density and voltage,

respectively.

Results and discussion

Journal Name

Synthesis and characterizations. Three new porphyrip, ligangs
such as Pd(ll)-5,15-diphenyl-10,20-bis(4-BfindpReRYNporpHyih
(Pd-DAPP), Pd(lI1)-5,15-bis(4-ethoxyphenyl)-10,20-bis(4-
aminophenyl)porphyrin (Pd-EDAPP) and 5,15-bis(4-ethoxyphenyl)-
10,20-bis(4-aminophenyl) porphyrin (EDAPP) were designed and
synthesized (Figure S6). The solvothermal reaction of Pd-DAPP, Pd-
EDAPP and EDAPP and tris(uz-4-carboxaldehyde-pyrazolato-N,N')-
tricopper (Cus(PyCA)s, Figures S7 and S8) in the presence of 6 M
trifluoroacetic acid (TFA) generated three imine bonded covalent
organic frameworks named as Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and
PCOF-2(Cus), respectively (Figures 2 and S9-S11). The three PCOFs
were predicted to possess well-aligned frameworks with hcb
topology, according to the [3+2] ligand combination.

Figure 2. Synthesis of Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-2(Cus).

The crystalline architectures of Pd-PCOF-1(Cus), Pd-PCOF-
2(Cus) and PCOF-2(Cus) were determined via powder X-ray
diffraction (PXRD) measurement and theoretical structural
simulations via Materials Studio (Figure 3a-c). Pd-PCOF-1(Cus)
exhibited two distinct peaks at 26 = 3.40° and 6.80°
corresponding to the (110) and (220) planes, respectively
(Figure 3d). Pawley refinement gave the optimized unit cell
parameters of a = b = 54.020 A, c = 6.739 A, a = = 90.00°, y =
120.00° and good-agreement parameters of R, = 3.70% and
Rwp = 3.20% for Pd-PCOF-1(Cus) (Tables S2-S4). According to
theoretical structure simulations, the experimental PXRD
patterns of Pd-PCOF-1(Cus) well agreed with the simulated
ABC stacking (staggered) model in the R-3 space group rather
than AA or AB stacking model (Figures S12 and S13). It is noted
that the PXRD patterns of the three PCOFs were different from

4| J. Name., 2012, 00, 1-3

those of Pd-DAPP, Pd-EDAPP, EDAPP and Cus(PyCA)s,
demonstrating the formation of the new crystal structures
(Figures S14-S16).

Pd-PCOF-2(Cus) and PCOF-2(Cus) displayed similar PXRD
patterns and sharper diffraction peaks than Pd-PCOF-1(Cus),
indicating that the introduction of the ethyl group significantly
improved crystallinity but did not fundamentally alter the
structure of ABC stacking model in the R-3 space group
(Figures 3e, 3f and S17-20, Tables S5-S10). Taking Pd-PCOF-
2(Cusz) as an example, the PXRD pattern of Pd-PCOF-2(Cus)
displayed two dominant peaks at 26 = 3.30° and 6.60° and
three weaker peaks at 26 = 5.76°, 11.44° and 13.20°, which
were assigned to the (110), (220), (300), (600), and (440) facet
diffractions in the calculated ABC stacking mode, respectively
(Figures 3e, S17 and S18). The simulated PXRD curve of ABC

This journal is © The Royal Society of Chemistry 20xx
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stacking model matched well with the experimental one with
small fitting parameters of R, = 2.37% and Rup = 1.47% and the
optimized unit cell parameters were determined to be a = b =
53.903 A, c = 6.953 A, @ = # = 90.00° and y = 120.00° on the
basis of the Pawley refinement (Table S7).

The scanning electron microscope (SEM) and high-resolution
transmission electron microscope (HR-TEM) were used to
investigate the morphology and crystal structure of these
three PCOFs. In the SEM images, the three PCOFs exhibited

ARTICLE

irregular nanoparticles with a size ranging 100-20Q,nm, {Eigures
$21-S23). Their HR-TEM images displa{edO HistimeeCritiée
fringes with a spacing of approximately 2.52, 2.62 and 2.58 nm
for Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-2(Cus),
respectively, corresponding to their (110) facets, which were in
good agreement with the theoretical values of 27.02, 26.95
and 27.06 A based on the ABC stacking model, further proving
their high crystallinity (Figure 3g-i).
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Figure 3. ABC stacking model of Pd-PCOF-1(Cus) (a), Pd-PCOF-2(Cus) (b) and PCOF-2(Cus) (c) viewed from c axis (left) and a axis
(right). PXRD patterns of Pd-PCOF-1(Cus) (d), Pd-PCOF-2(Cus) (e) and PCOF-2(Cus) (f) with the experimental profiles, Pawley
refined, difference curve, and simulated profiles of ABC models. HR-TEM images of Pd-PCOF-1(Cus) (g), Pd-PCOF-2(Cus) (h) and
PCOF-2(Cus) (i), and the inset were enlarged images of a selective area showing well-ordered lattice fringe of (110).

Fourier transform infrared (FT-IR) spectrometry was appeared at 1670 cm™!, and meanwhile, the N-H and C=N

employed to analyze the chemical structure of the three PCOFs
(Figure 4a). The peak of C=0 stretching vibration of Cus(PyCA)s

This journal is © The Royal Society of Chemistry 20xx

stretching vibrations of the porphyrin rings were located at
3300-3500 and 1620 cm™, respectively (Figures $24-26).
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Figure 4. FT-IR spectra (a), N, adsorption isotherm curves profiles (b) and water contact angle (c) of PCOFs. Solid-state '3C CP-
MAS NMR spectra (d) and XPS spectra of Cu 2p (e) and Pd 3d (f) for Pd-PCOF-2(Cus). EDS elemental mappings of PCOF (g-i).

N, adsorption-desorption isotherms at 77 K were employed
to characterize the porosity of Pd-PCOF-1(Cus), Pd-PCOF-2(Cus)
and PCOF-2(Cusz) (Figure 4b). All the three COFs exhibited
typical type-Il reversible isotherms with the Brunauer-Emmett-
Teller (BET) surface areas of 37.36, 97.17 and 78.15 m? g~! for
Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-2(Cus), respectively.
The reduced BET surface areas of Pd-PCOF-1(Cus) may be
attributed to its lower crystallinity than Pd-PCOF-2(Cus) and
PCOF-2(Cus). According to the nonlocal density functional
theory (NLDFT) method, the pore sizes were predominantly
distributed at approximately 0.93, 0.80, and 0.88 nm for Pd-
PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-2(Cus), respectively
(Figure S27).

According to the static water contact angle measurement,
obvious hydrophobicity was visualized in the three PCOFs, in
which the water contact angles were measured to be 130.8°,
144.3° and 139.8° for Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and
PCOF-2(Cus), respectively (Figure 4c). Compared with Pd-PCOF-
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1(Cus), the increased water contact angle of Pd-PCOF-2(Cus)
and PCOF-2(Cus) might be attributed to the presence of the
ethoxyphenyl groups onto the channels.

Solid-state !3C cross-polarization magic angle spinning
nuclear magnetic resonance (33C CP-MAS NMR) spectrum of
Pd-PCOF-2(Cus) was examined. The characteristic C signal of
the ethoxy group were observed at 61.5 and 12.5 ppm, while
porphyrin ring and pyrazole carbons exhibited resonance at
139.5, 129.5, 118.5 and 113.0 ppm and 139.5 and 118.5 ppm,
respectively, in Pd-PCOF-2(Cus) (Figure 4d). The characteristic
resonance peak of the imine carbon appeared at ~156.5 ppm
in the 13C CP-MAS NMR spectrum, which further confirmed the
successful formation of imine bonds.

The electronic valence state of the PCOFs was investigated
by X-ray photoelectron spectroscopy (XPS) measurements. The
full XPS spectra of both Pd-PCOF-1(Cus) and Pd-PCOF-2(Cus)
displayed C 1s, N 1s, Ols, Cu 2p and Pd 3d elemental signal
peaks, while the full XPS spectrum of PCOF-2(Cus) only showed
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C 1s, N 1s, O1s and Cu 2p elemental signal peaks (Figure S28).
Furthermore, the high-resolution Cu 2p XPS spectrum of Pd-
PCOF-2(Cus) showed two major peaks belong to Cu 2p1/2 and
Cu 2p3/2, which were mainly composed of the peaks assigned
to the binding energy of Cu' centered at 953.2 and 933.4 eV
(Figure 4e). It was similar for Pd-PCOF-1(Cus) (953.2 and 933.4
eV), PCOF-2(Cus) (953.1 and 933.2 eV) and Cus(PyCA)s (952.8
and 933.0 eV), revealing the main Cu' state nature of the Cus
moiety (Figure S29). The high-resolution Pd 3d XPS spectrum
of Pd-EDAPP, Pd-PCOF-1(Cus) and Pd-PCOF-2(Cus) all exhibited
two peaks centered at 343.6 and 338.4 eV, corresponding to
the Pd 3d3» and Pd 3ds;;, respectively, indicating a +2
oxidation state of the coordinated palladium centers in
porphyrin (Figures 4f and S30). The results of XPS spectra
demonstrated that the formation of PCOFs did not alter the
oxidation states of copper and palladium of the starting
materials.

Energy-dispersive X-ray (EDS) spectroscopy was employed
to investigate elemental distribution, which demonstrated the
homogeneous dispersion of C, Cu and Pd within both Pd-PCOF-
1(Cus) and Pd-PCOF-2(Cus), whilst C and Cu within PCOF-2(Cus)
(Figure 4g-i).

Chemical structural stability of the PCOFs was firstly studied
through the thermogravimetric analysis (TGA), which disclosed
only 5% mass loss at 265, 244 and 235 °C under the N;
atmosphere for Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-
2(Cus), respectively (Figure S31). Furthermore, the PXRD
patterns of Pd-PCOF-2(Cus) and PCOF-2(Cus) remained almost
unchanged after being soaked in a range of solvents such as
tetrahydrofuran (THF), acetonitrile (CH3CN), methanol (CHsOH),
1 M NaOH and 0.1 M HCI for 24 h (Figures S32 and S33). Pd-
PCOF-1(Cus) was also stable in these solvents with the
exception of 0.1 M HCI (Figure S34). These studies revealed the
high chemical structural stability of these PCOFs and the
importance of hydrophobicity in the acid-base resistance.

Electrocatalytic performances. Electrocatalytic NO3RR
performances of Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-
2(Cus) were evaluated in a standard three-electrode H-type
cell containing 1 M KOH with 0.1 M KNOsz under room
temperature (Figure S35). All potentials were referenced
against the RHE without /R compensation. 'H NMR
measurement and ultraviolet-visible (UV-vis)
spectrophotometry based on indophenol blue method were
employed to quantify NHs, while UV-vis spectrophotometry
based on Griess test and gas chromatographic were used to
detect NO,~ and Hj, respectively, in which the calibration
curves were presented in Figures S36-S39.

The linear sweep voltammetry (LSV) curves revealed a
dramatic enhancement in the current density upon the
addition of NOs~ for the three PCOFs, manifesting their
remarkable electrocatalytic NO3RR activity (Figure 5a). Pd-
PCOF-1(Cus) and Pd-PCOF-2(Cus) displayed stronger current
density responses than PCOF-2(Cus), suggesting that the
implantation of Pd centers in porphyrin could improve the
NO3RR activity.
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The chronoamperometry electrolysis with appligd, patentials
from -0.6 to -1.1 V vs. RHE was employed! {6 1Avstisatictre
differences in electrocatalytic efficiency among Pd-PCOF-
1(Cus), Pd-PCOF-2(Cus) and PCOF-2(Cus) (Figures $40-542). The
NHz generation rate exhibited a nearly linear enhance with
increasingly negative applied potential and reached the
maximum value of 14.34 and 15.09 mg-h~*:cm= at -1.1 V vs.
RHE for Pd-PCOF-1(Cus) and Pd-PCOF-2(Cus), respectively,
which were superior to that of PCOF-2(Cus) (9.52 mg-h—%-cm™2),
further demonstrating the contribution of Pd center in
porphyrin to enhance the overall electrocatalytic activity
(Figure 5b). The faradaic efficiencies (FEs) of NHs; exhibited a
typical volcano-shaped trend (Figure 5c). Pd-PCOF-2(Cus)
maintained the highest NH3; FEs (over 80%) among the three
PCOFs at almost all applied potentials and reached the
maximum value of 94.70% at -1.0 V vs. RHE, which was
significantly higher than those of Pd-PCOF-1(Cus) (87.69% at -
0.9 V vs. RHE) and PCOF-2(Cus) (86.96% at -0.8 V vs. RHE).

The NO,~ FEs of all the PCOFs gradually decreased with
negative potentials increasing, under which conditions more
active hydrogen (H*) could be generated and subsequently
promoted the hydrogenation of NO,™ to NHj3, thereby reducing
the accumulation of NO,~ (Figure 5d). For comparison, the H
FEs increased sharply with negative potentials increasing
(Figure 5e). Compared to Pd-PCOF-1(Cus) and PCOF-2(Cus), Pd-
PCOF-2(Cus) exhibited much lower H; FEs at all potentials. It
demonstrated not only HER was suppressed by the
hydrophobic microenvironment but also the NO3RR process
was promoted by the generation of H* of Pd-porphyrin.

Pd-PCOF-2(Cus) maintained excellent electrocatalytic
performance stability for NOsRR at -0.9 V vs. RHE over 10
consecutive cycles, without obvious degradation in FE and
generation rate of NHs (Figure 5f and Figure S43). The PXRD
pattern of Pd-PCOF-2(Cus) after electrocatalysis over 10
consecutive cycles retained characteristic diffraction peaks at
260=3.30° and 6.60° (Figure S44).

In short, owing to the suppression of the competitive HER by
the hydrophobic microenvironment and the synergistic
catalysis of Cus cluster and Pd-porphyrin, Pd-PCOF-2(Cus)
achieved superior electrocatalytic performances for NOsRR
with regards to NHsz FEs and generation in comparison with
most reported MOFs/COFs-based electrocatalysts (Figure 5g
and Table S1).

Reaction mechanism studies. To gain a more in-depth and
comprehensive understanding of the reaction mechanism of
NOsRR, further investigations were carried out. Firstly, >N
isotopic labeling experiments were performed to identify the
origin of nitrogen in the NH3 produced. The 'H NMR spectra of
the electrolytes employing *NOs~ and '®>NOs~ as N source
revealed the typical characteristic triplet peaks of “NHs* (at
6.77, 6.90 and 7.03 ppm) and doublet peaks of >NH,* (at 6.81
and 6.99 ppm), respectively, confirming that NHs was
originated from the electrocatalytic NOsRR (Figures 6a and
S45).
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Figure 5. Linear scanning voltammetry (LSV) curves of Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-2(Cus) in 1 M KOH with 0.1 M
KNOs (solid lines) or without KNO3 (dash lines) at a scan rate of 10 mV s~ (a). NHs yield rate of Pd-PCOF-1(Cus), Pd-PCOF-2(Cus)
and PCOF-2(Cus) at different applied potentials (b). NH3 (c), NO2~ (d) and H; (e) FEs of Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-
2(Cus) at different applied potentials. Stability of Pd-PCOF-2(Cus) for NO3sRR at -0.9 V vs. RHE (f). Comparison of NHj; yield rate
and FE of Pd-PCOF-2(Cus) with reported MOFs/COFs-based electrocatalysts (Table S1) (g).

Pd-PCOF-2(Cus) (241 mV-dec!) and PCOF-2(Cus) (239
mV-dec™!) manifested higher Tafel slopes than Pd-PCOF-1(Cus)
(217 mV dec!), revealing an inhibitory effect of the
hydrophobic microenvironment on the water dissociation
kinetics (Figure 6b). It is noted that the H* generated from
water dissociation (H20 + M + e~ > M-H* + OH") is crucial to
the deoxygenation and hydrogenation of NOs~ and
intermediate. With the addition of NOs~, Tafel slopes of Pd-
PCOF-1(Cus) and Pd-PCOF-2(Cus) decreased significantly to 149
and 161 mV-dec™, respectively, which were lower than that of
PCOF-2(Cus) (222 mV-dec™), demonstrating that the presence
of Pd center in the porphyrin rings enhanced NOsRR kinetics
(Figure 6c). In addition, Pd-porphyrin-based COFs of Pd-PCOF-
1(Cus) (2.4 Q) and Pd-PCOF-2(Cusz) (2.8 Q) exhibited lower
charge transfer resistance than PCOF-2(Cus) (3.1 Q) (Figure
S46).

8 | J. Name., 2012, 00, 1-3

According to LSV curves normalized by electrochemical
surface area (ECSA, Figure S47), Pd-PCOF-2(Cus) presented
superior current density responses than Pd-PCOF-1(Cus) and
PCOF-2(Cus), demonstrating the highest intrinsic NOsRR
activity of Pd-PCOF-2(Cus) (Figure 6d).

Cyclic voltammogram (CV) curves revealed that the peaks
located at 0.52 V vs. RHE in the anodic scan were attributed to
adsorbed active hydrogen ("Hags) (Figure 6e), which could be
magnified for precise integration (Figure S48). The ability to
generate "H could be quantitatively compared by the charges
to oxidize these H* (Qu+). Pd-PCOF-1(Cus) and Pd-PCOF-2(Cus)
exhibited the Qu+ of 0.0099 and 0.0069 mC, respectively,
which was higher than PCOF-2(Cus) (0.0015 mC), indicative of
the stronger H* supply ability of Pd-porphyrin-based COFs
(Figure 6f).

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. 'H NMR spectra of the electrolytes employing 1*NOs” or 1>NOs" as N source over Pd-PCOF-2(Cus) (a). The Tafel plots in 1
M KOH electrolyte (b) and 1 M KOH containing 0.1 M KNOs electrolyte (c) of Pd-PCOF-1(Cus), Pd-PCOF-2(Cus) and PCOF-2(Cus).
LSV curves normalized by ECSA (d). CV curves (e) and the corresponding charges of "Hags (Qu+) (f) of Pd-PCOF-1(Cus), Pd-PCOF-
2(Cusz) and PCOF-2(Cus) in 1 M KOH. NHs selectivity of Pd-EDAPP for NOsRR and NORR at different applied potentials (g). CV
curves (h) and the corresponding charges of "Hags (Qu+) (i) of Pd-EDAPP in 1 M KOH and containing 0.1 M KNOs or 0.1 M KNO,.

To investigate the synergistic effect of Cus-cluster and Pd-
porphyrin  within Pd-PCOF-2(Cus), electrocatalytic NOsRR
performances of Cus(PyCA)s and Pd-EDAPP were evaluated
under the similar conditions. Cus(PyCA)s showed much higher
current density and NHs FEs than Pd-EDAPP, suggesting that
Cus(PyCA); was the mainly active center for NOsRR (Figures
S49 and S50). Cusz(PyCA)s displayed high NH3 FEs (65.0~84.4%)
from -0.6 to 1.1 V (vs. RHE) but negligible H, FEs at -0.6 V (vs.
RHE). With negative potentials increasing, the H; FEs increased
up to 26.6% at -1.1 V (vs. RHE), indicating that Cus was difficult
to achieve precise kinetic matching between the generation of
H* and the deoxygenation process of NO;™ (Figure S49d). For
comparison, Pd-EDAPP displayed low NHs; FEs but high H; FEs
(56.2~84.5%) at all potentials, suggesting Pd center in
porphyrin exhibited slow kinetics for the NOs™ activation, giving
rise to H; via the self-coupling of H* as the only rapid outlet
(Figure S50e). Moreover, both Cusz(PyCA); and Pd-EDAPP
exhibited high performance in the NO2RR process, and the NH3;

This journal is © The Royal Society of Chemistry 20xx

FEs remained consistently above 60% across the entire applied
potential window (Figure S51 and S52).

Catalytic results further showed that Pd-EDAPP could much
more effectively activate NO;" than NOs™ (Figures 6g and S53).
A comparison of the LSV curves for catalytic NO2RR
demonstrated that the current density of Pd-EDAPP became
much higher than that of Cus(PyCA)s; with increasingly negative
applied potential (Figure S54a). Meanwhile, the NHs yield rate
of Pd-EDAPP was much higher than that of Cus(PyCA)s in
NOzRR (Figure S54b). Comparison of the consumption rate of
H* on NO2RR and NOsRR showed that the generated H* at Pd-
porphyrin showed a stronger affinity for NO,~ than NO;-
(Figures 6h, 6i and S55). These results demonstrated that
during electrocatalytic nitrate reduction, Cusz primarily
activated NOs™ and converted a portion of NO;” to NHs, while
Pd-porphyrin played a synergistic role in promoting the
conversion of NO> to NHs.

To uncover the detailed reaction pathway of NOsRR,
electrochemical in situ ATR-FTIR technique with applied

J. Name., 2013, 00, 1-3 | 9
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potentials from -0.6 to -1.1 V vs. RHE was employed to identify
the reaction intermediates, which were generated on the
surface of the Pd-PCOF-2(Cus) catalyst. The 3D in situ ATR-FTIR
colormap spectra revealed distinct distributions of absorption
peaks at various applied potentials (Figure 7a). The intensity of
these peaks gradually increased as the applied potential
became more negative. The in situ ATR-FTIR spectra were
scrutinized over the wavenumber interval of 4000-1000 cm™,
and the upward and downward bands corresponded to the
formation of various nitrogen intermediates and the
consumption of the corresponding reactants, respectively
(Figure 7b). The pronounced absorption peaks at around 3400
and 3228 cm™! were attributed to the O-H stretching of *H,0

and the N-H stretching of NHs, respectively.8 The intensity,of
these peaks augmented as the potentiaPgécresEdPRBHALe0%6
to -1.1 V vs. RHE, indicative of the increase in NH3; production
rate and an enhanced H;O molecule adsorption and
dissociation process. Within the 2000-1000 cm~! wavenumber
domain, the absorption peak at 1639 cm™ was attributed to
*NO and *H,0.B39 The weak but discernible absorption bands
at 1357 and 1100 cm™! were assigned to N-O asymmetric
stretching of *NOs; and *NH,0H, respectively.[*® Moreover,
the downward band at 1241 cm™' was ascribed to N-O
antisymmetric stretching of *NO. and exhibited intensified
strengths at more negative potentials.[*1]
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Figure 7. The 3D in situ ATR-FTIR colormap surface with projection of Pd-PCOF-2(Cus) for NOsRR (a). Electrochemical in situ ATR-
FTIR spectra of Pd-PCOF-2(Cus) for NOsRR at different applied potentials (b).
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Figure 8. Schematic illustrations of catalytic mechanism for
NOsRR over Pd-PCOF-2(Cus).

Based on the above mechanistic studies and in situ ATR-FTIR
spectra analysis, a reaction pathway of the NO3RR over Pd-
PCOF-2(Cus) might be deduced: NO3~ - *NOs; = *NO, - *NO
- *NH;0H - *NHsz - NHs. Consequently, NO,~ was a critical
intermediate and its excessive accumulation could lower the
reaction selectivity and efficiency. The generated H* at the

10 | J. Name., 2012, 00, 1-3

catalytic sites could promote the hydrogenation of NO,~, but
its oversupply could also facilitate the competitive HER,
thereby degrading the selectivity of NOs3RR. Therefore, the
precise modulation of the conversion rate of NO,™ and the
supply rate of H* was crucial for enhancing both the reaction
rate and the selectivity toward NHs;. In Pd-PCOF-2(Cus)-
catalyzed NO3RR, the Cus served as the primary active sites for
the initial deoxygenation NO3~ to NO; intermediate.
Subsequently, Cus partially hydrogenated NO,~ to NH; while
the unconverted NO,~ migrated to the Pd-porphyrin for
subsequent hydrogenation, which could not only effectively
mitigate the accumulation of the detrimental NO>~
intermediate but also accelerate the overall NOs~ to NH3z
conversion kinetics. Furthermore, the tailored hydrophobic
microenvironment could enable precise modulation of the H*
supply for expediting the NO,~ hydrogenation rather than HER.
In short, an accelerated catalytic mechanism via synergistic
tandem of bimetallic site and modulation of the hydrophobic
microenvironment was elucidated (Figure 8).

Zn-NOs~ battery. Inspired by the NO3RR performances of
Pd-PCOF-2(Cus), a rechargeable Zn-NOs battery was
constructed, which could not only generate electricity but also
synthesize value-added NHj3; from NO;s;. The Zn-NOj3~ battery
was assembled with Pd-PCOF-2(Cus) as the cathode and Zn
plate as the anode (Figure 9a). The assembled Zn-NOs~ battery
exhibited a high and stable open-circuit voltage (OCV) of
approximately 1.328 V vs Zn?*/Zn for up to 3600 s (Figure 9b).

This journal is © The Royal Society of Chemistry 20xx
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The battery showed the maximum power density of 1.41
mW-cm~2 at a current density of 9.62 mA-cm~2 and the stable
discharge profile over a wide range of current densities from
0.2 to 5 mA-cm~2 (Figure 9c and 9d), and maintained stable
voltage output over 12 h during the continuous discharge-
charge cycling carried out at a current density of 1 mA.cm~2
(Figure 9e). To verify the actual application capability of the
battery, two series-connected batteries were assembled,
which achieved a high OCV of approximately 2.658 V vs
Zn?*/Zn and successfully light up the Light Emitting Diode (LED)

ARTICLE

strip or powered a commercial electronic timer (usyally.driven
by a commercial 1.5 V dry battery) for 2PR!{FigQf8 /96 Jrd ).
The NHs production was quantitatively analyzed after
discharge under current densities of 4, 6, 8, 10 and 12 mA cm~2,
showing that the NH3 generation rate increased with current
density, reaching the highest value of 338.6 pg-h~l.cm™2
(Figures 9h and S56). These results emphasized the great
potential of the Pd-PCOF-2(Cus)-based Zn-NOs~ battery as a
stable multi-function platform in both power generation and
NOs~ conversion.
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N 1.0 N
Zn2* NO; 208 Q 0.8
E; 260 5 0.6 e % 0.6 y A
- LK B & N/ b
N Zn NH, Soal * Rk 4 £ 04 |
(] o i
=02 > 021 M&n‘%‘
O.D L 1 1 1 L 00 1 1 1 1
AnioAs Membrario Cathode 0 600 1200 1800 2400 3000 3600 0 5 10 15 20
Time (s) Current density (mA cm?)
dos e 25
e T20
Noe N
&: ) ?G=
N 0.5 N15F
] @
> 04 >
= >10
81 )
0.2 I | T -_E 0.5
o ot
> | | | >
0.1 1 I 1 I 1 0.0} Discharge at 1 mA cm?
0.0 i i i I i L 1 L 1 L
0 1000 2000 3000 4000 5000 6000 0 2 4 ] 8 10 12
Time (s) Time (h)
fas g h

@ Open circuit voltage (OCV)=2.658V

200 400 600 800

1000

{4‘350'
5300-
[=2

5200
2
= 150
k=)
.2 100
= 50 -
= L]
D —— L 1 1 1
4 6 8 10 12

Time (s)

Current density (mA cm?)

Figure 9. Schematic illustration for Zn-NOs~ battery with Pd-PCOF-2(Cus) cathode (a). Open-circuit voltage (OCV) of Pd-PCOF-
2(Cus) based Zn-NOs~ battery (b). Polarization curve for Zn-NOs~ battery and the resultant power density (c). Galvanostatic
discharge curves at different current densities (d). Charge-discharge cycling curves of Zn-NO3~ battery at 1 mA-cm~2 (e). Open-
circuit voltage (OCV) of two Zn-NOs~ batteries in series (f). Photographs of LED light strips (inside f) and electronic timer (g)
powered by Zn-NOs~ batteries. NHs yield rate derived from the Zn-NOs~ battery at different discharge current densities (h).

Conclusion

In summary, an effective molecular engineering strategy was
developed to construct hydrophobic bimetallic porphyrin-
based COFs, integrating Pd-porphyrin and Cus within the
frameworks. The prepared PCOFs achieved high NOs3RR

This journal is © The Royal Society of Chemistry 20xx

performances in alkaline electrolyte, with the Faradaic
efficiency and NHs yield up to 94.7% and 15.09 mg-h~t.cm~2,
respectively. A synergistic reaction mechanism was elucidated:
the Cus primarily facilitated NOs~ adsorption and activation to
NO,~ and then to NHj3;, while the adjacent Pd sites could assist
in the hydrogenation of NO,™ to NH3, minimized intermediate
accumulation and accelerated the overall kinetics. The pore-

J. Name., 2013, 00, 1-3 | 11
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confined hydrophobic microenvironment played a critical role
in precisely regulating the H* supply, thereby suppressing the
competing HER. Overall, this work designed advanced
electrocatalysts through the synergistic integration of
molecular-scale hydrophobicity tuning and atomic-scale
bimetallic site engineering. Further work about the synthesis
of porphyrin-based COFs and their catalytic applications is on
the process.
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