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Porous crystalline metal-organic frameworks (MOFs) are one class of promising electrode materials for CO, electroreduction
reaction (CO,RR) by virtue of their large CO, adsorption capacities and abundant tunable active sites, but their insulating nature
usually leads to low current density. Herein, a two-dimensional (2D) Ni-phthalocyanine-based MOF (NiPc-Ni(NH),) con-
structed by 2,3,9,10,16,17,23,24-octaaminophthalocyaninato nickel(Il) (NiPc-(NH,)s) and nickel(II) ions attained high electrical
conductivity due to the high overlap of d-m conjugation orbitals between the nickel node and the Ni-phthalocyanine-substituted
o-phenylenediamine. During CO,RR, the NiPc-Ni(NH), nanosheets achieved a high CO Faradaic efficiency of 96.4% at —0.7 V
and a large CO partial current density of 24.8 mA cm ” at —1.1 V, which surpassed all the reported two-dimensional MOF
electrocatalysts evaluated in an H-cell. The control experiments and density functional theory (DFT) calculations suggested that
the Ni-N, units of the phthalocyanine ring are the catalytic active sites. This work provides a new route to the design of highly

efficient porous framework materials for the enhanced electrocatalysis via improving electrical conductivity.
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1 Introduction

Now, the high concentration of the greenhouse gas CO, in
the atmosphere has caused environmental problems such as
global warming and sea-level rise [1]. Thus, it is urgently
desirable to reduce the CO, concentration to the normal le-
vel. The electrochemical conversion of CO, to valuable
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chemicals using renewable electricity is a promising alter-
native to realize carbon-energy balance and remit the en-
vironmental issues [2-5]. Among the electroreduction
products, CO is considered as one of the important industrial
feedstocks, which has been widely used for the Fischer-
Tropsch synthesis to produce hydrocarbon liquid chemicals
[6,7]. To date, various materials including noble metal-based
materials (e.g., Au, Ag, Pd) and single-atom catalysts (e.g.,
Fe-N-C, Co-N-C, Ni-N-C) have been developed for CO,RR
to produce CO [8-13], but it still remains a challenge to
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efficiently convert CO, with high current density. Thus,
developing highly efficient electrocatalysts for CO,RR to
overcome these limitations is of paramount importance and
urgency.

As we know, the homogeneous molecular catalysts such as
metalophthalocyanines (MPcs, e.g., M = Ni, Fe, Co) have
been found to electroreduce CO, in an aqueous medium.
However, the discrete metal complexes-based molecular
electrocatalysts usually show poor activity with low se-
lectivity and current density in comparison to those of Au,
Ag, Cu-based inorganic solid electrodes [14,15]. Integration
of high loading of electroactive metal complexes-based
catalysts into porous conductive materials would be an ef-
fective strategy for CO,RR to generate high current density.
Porous crystalline metal-organic frameworks (MOFs) with
periodically arranged metal ions/clusters and organic ligands
are considered to be promising candidates for CO,RR as
their high surface areas, large CO, adsorption uptakes, and
high density of tunable active single-sites [16-21]. However,
most of the conventional MOFs constructed by carboxylate-
based linkages are electrical insulators, which usually exhibit
low current density [22-25]. Recent progress in successful
synthesis of electrically conductive two-dimensional (2D)
MOFs [26-28] has endowed them with highly efficient
electrocatlytic performance in CO,RR. Nevertheless, to the
best of our knowledge, few conductive MOFs have been
reported for the electrocatalytic CO, reduction and their
activities still need to be improved [27,29,30].

Herein, Ni-phthalocyanines (NiPc) based building block,
an active molecular CO,-reduction site, was integrated into a
porous intrinsically conductive 2D MOF NiPc-Ni(NH), for
the efficient CO,RR towards the CO,-to-CO conversion in
aqueous medium. Notably, the conductive 2D MOF NiPc-
Ni(NH),, in which the planar NiPc motifs were linked by the
Ni(NH), nodes, shows highly electrical conductivity of
2.39x10*Sm' due to the high overlap of d-n conjugation
orbitals between the nickel node and the planar Ni-phthalo-
cyanine-substituted o-phenylenediamine. Due to the remark-
able electron transfer ability and high density of accessible
active single-sites, the obtained conductive NiPc-Ni(NH),
nanosheets showed outstanding catalytic performance to-
wards CO,RR with a high CO selectivity of 96.4% at the
applied potential of —0.7 V versus the reversible hydrogen
electrode (RHE, all potentials are with reference to the RHE)
and a large CO current density of 24.8 mA cm ° at the po-
tential of —1.1 V, which is the highest in reported 2D MOFs
investigated in an H-type electrolysis cell [22,23,30,31]. The
control experiments combined with density functional theory
(DFT) calculations revealed that the catalytic active sites are
Ni-N, units in phthalocyanine ring, while the square planar
Ni(NH), nodes accelerate the proton/electron transport to the
active sites, thus improving the reaction kinetics of NiPc-
Ni(NH), during the CO,-to-CO conversion.
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2 Experimental

2.1 Reagents and chemicals

All reagents and chemicals were acquired from commercial
sources and used as received unless specially noted. Nickel
(I) chloride hexahydrate (NiCl,-6H,0, >98%), dimethyl
sulfoxide (DMSO, >99.5%), ammonia solution (NH;-H,O,
25%-28%) and isopropanol ((CH;),CHOH, >99.7%) were
purchased from Sinopharm Chemical Reagent Co., China.
Nafion (5 wt%, Sigma-Aldrich), carbon paper (Toray) and
2,3,6,7,10,11-hexaaminotriphenylene hexahydrochloride
(HATP-6HCI, >95%, Tensus Biotech) were purchased from
the corresponding company. Ultrapure water (18.25 MQ cm)
was used in all experiments.

2.2 Synthesis of NiPc-Ni(NH), nanosheets

A solution of 21 mg of NiCl,-6H,0 (88.4 pmol) in 20 mL of
degassed DMSO and 1 mL of concentrated aqueous am-
monia was added to a solution of 30 mg of NiPc-(NH,)g
(43.4 umol) in 20 mL of degassed DMSO. The mixture was
gently stirred at 60 °C in air for 12 h. After cooling to room
temperature, the solid was filtered, washed successively with
DMSO, water, MeOH and acetone, and dried under vacuum,
to give NiPc-Ni(NH), as black powder.

The NiPc-Ni(NH), obtained by the above method was
added to ethanol, followed by high-frequency sonication for
1.5 h at room temperature (25 °C). After high-speed cen-
trifugation (12,000 r minfl) to remove thick-layered sheets,
the supematant was collected to give NiPc-Ni(NH),
nanosheets.

2.3 Synthesis of Ni;(HITP),

A solution of 6.6 mg of NiCl,-6H,0 (28 umol) in 5 mL of
degassed water and 0.3 mL of concentrated aqueous am-
monia was added to a solution of 10 mg of HATP-6HCI
(19 pmol) in 5 mL of degassed water. The mixture was
gently stirred at 65 °C in air for 2 h. After cooling to room
temperature, the solid was isolated by centrifugation, washed
successively with water and acetone, and dried under va-
cuum, to give Ni;(HITP), as black powder.

2.4 Electrochemical measurements

Electrochemical experiments were implemented in a stan-
dard three-electrode H-type electrolysis cell with two com-
partments separated by a proton-exchange membrane
(Nafion-117). Each compartment contained 70 mL electro-
lyte (0.5M KHCO; made from ultrapure water). The
working electrode was fabricated by coating 80 pL catalyst
ink into carbon fiber paper electrode with 1 cmx1 cm. The
homogeneous ink was prepared using 5 mg of catalyst and
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2.5 mg ketjenblack dispersed into 1 mL of isopropanol
containing 40 puL. Nafion solution (5 wt%). The Ag/AgCl
electrode and Pt guaze were as the reference electrode and
counter electrode, respectively. Before the CO, electro-
chemical reduction, the electrolyte in the cathodic compart-
ment was purged with CO, gas (average rate of 30 mL min”'
at room temperature and ambient pressure) at least 30 min to
achieve the CO,-saturated solution (pH=7.3). The Linear
sweep voltammetry (LSV) curves were conducted with a
scan rate of 10mV's ' in CO,-saturated 0.5 M KHCO;,
electrolyte. In the studies, all potentials were normalized
with respect to the RHE. The gas phase composition was
analyzed by gas chromatograph (GC) equipped with a ther-
mal conductivity detector (TCD) and a flame ionization
detector (FID) every 15 min. The liquid products were ana-
lyzed by quantitative 'H nuclear magnetic resonance (NMR)
using DMSO as an internal standard.

3 Results and discussion

3.1 Synthesis and characterization of electrocatalyst

As shown in Figure 1, the conductive 2D MOF NiPc-
Ni(NH), was synthesized by the reaction 0f 2,3,9,10,16,17,23,
24-octaaminophthalocyaninato  nickel(II) (NiPc-(NH,)y)
(Scheme S1, Supporting Information online) and NiCl,
6H,O in DMSO in the presence of aqueous ammonia
[28,32,33]. The powder X-ray diffraction (PXRD) pattern
(Figure 2a) of NiPc-Ni(NH), is in an agreement with the
simulated slipped AA-stacking model with orthorhombic
Cmcm space group where a=25.5 A, b=25.7 A, c=6.7 A, and
0=(=y=90° that built by Materials Studio 7.0. The Rietveld
refinements reproduced the experimentally detected PXRD
pattern with reasonable differences (R,, 2.77% and R,
3.53%), which suggested the correctness of the slipped AA-
stacking model. The PXRD pattern of NiPc-Ni(NH), (Figure
2a) demonstrates its crystalline nature with two diffraction
peaks at 4.9° and 9.9° indexed to the (110) and (220) facets
of the square lattice, respectively. An additional peak at 26.4°
ascribed to (002) facet reveals the layer stacking structure
along the ¢ axis. The space-filling structural model of NiPc-
Ni(NH), (Figure 1) shows 1D square channels with 1.78 nm,
while running along the ¢ direction with a distance of
0.34 nm between the stacking 2D conjugated layers. There-
fore, the nitrogen atoms of the amino groups in NiPc-(NH,)g
ligands were successfully coordinated with Ni(Il) ions in a
square planar geometry, resulting in a fully n-conjugated 2D
skeleton in NiPc-Ni(NH),. In addition, no obvious peak
corresponding to Ni nanoparticles (NPs) was observed in the
PXRD patterns (Figure S1, Supporting Information online),
implying that the Ni ions were not reduced during the
synthesis process and the Ni species were in highly dispersed
form.
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Figure 1 Synthetic scheme for 2D conductive NiPc-Ni(NH),. Top (right
up) and side views (right bottom) of the structure of NiPc-Ni(NH), with
2x2 square grids in slipped stacking mode. Hydrogen atoms are omitted for
simplicity (color online).

To verify the formation of Ni(NH), linkages in the NiPc-
Ni(NH),, the Fourier transform infrared spectroscopy (FT-
IR) measurements were conducted. As shown in Figure 2b,
the ligand NiPc-(NH,); exhibits two strong absorption bands
at 3,340 and 3,205 cm’' originating from the N-H vibrations
of the amino groups, which are not observed in the FT-IR of
NiPc-Ni(NH),, indicating that the ligand NiPc-(NH,)g was
coordinated with nickel(Il) ions. The scanning electron mi-
croscopy (SEM) images of NiPc-Ni(NH), in Figure S2
provide visualization of a stacked layered morphology,
which is also supported by the transmission electron mi-
croscopy (TEM) images (Figure 2c, d). Besides, no obvious
Ni NPs were observed in the TEM and high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) images (Figure 2c—e), which agrees well
with the PXRD result. The energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping images (Figure 2¢) re-
veal well dispersed C, N and Ni elements, highlighting the
advantage of the periodically arranged crystalline frame-
works with single-sites. The inspection of survey spectrum in
X-ray photoelectron spectroscopy (XPS) result (Figure S3a)
further evidenced the presence of C, N, and Ni elements in
NiPc-Ni(NH),, while the O element may originate from the
coordinated water guest molecules [32], which was con-
sistent with the thermogravimetric analysis (TGA) result
(Figure S4). The high-resolution Ni 2p spectrum of NiPc-
Ni(NH), (Figure S3b) displays two dominated peaks cen-
tered at the binding energies of 855.5eV (Ni 2p;,) and
872.9 eV (Ni 2p,»), indicating the Ni species in both of the
NiPc ligand and Ni(NH), node were mainly existed as Ni",
The satellite peaks located at higher energy sides of Ni 2ps),
and Ni 2p,, levels are likely associated with the shakeup
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Figure 2 (a) Experimental (red dot), Rietveld-refineand (blue line) and
simulated (slipped AA-stacking mode, grey line) PXRD patterns of NiPc-
Ni(NH),. (b) FT-IR spectra of NiPc-(NH,); (black) and NiPc-Ni(NH),
(red). (c, d) TEM images of NiPc-Ni(NH), with 50 and 20 nm scale-bar,
respectively. (¢) HAADF-STEM image of NiPc-Ni(NH), and EDS map-
ping of C, N, and Ni elements (color online).

excitation of Ni*" [34,35]. The fitted N 1s spectra (Figure
S3c¢) show the peaks of 398.8, 399.8 and 400.5 eV, which can
be assigned to N-Ni, C-N=C of phthalocyanine ring and
uncoordinated C—NH, at the defect and edge sites, respec-
tively [32-34,36]. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) revealed that the obtained
NiPc-Ni(NH), had a high Ni content of 17.18 wt%, sug-
gesting high loading of NiPc¢ active sites were integrated into
the framework and would enable an efficient CO,RR. No-
tably, the measured Ni content was slightly lower than the
theoretical value of 22 wt%, which was mainly ascribed to
the presence of unreacted -NH, groups at the edges of NiPc-
Ni(NH),, as proved by the XPS result (Figure S3).

To further gain insight into the Ni coordination environ-
ment of NiPc-Ni(NH),, the Ni K-edge X-ray absorption
near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) spectra were performed. As
shown by the XANES curves in Figure 3a, the Ni absorption
edge energy position of NiPc-Ni(NH), is very close to that of
the NiO, which suggests the valence state of Ni atom as +2 in
both of the NiPc ligand and Ni(NH), node [30], in alignment
with the XPS result. Moreover, a weak pre-edge peak at
around 8334 eV for NiPc-Ni(NH), is observed, which cor-
responds to the dipole-forbidden but quadrupole-allowed
transition from 1s to 3d [7]. Meanwhile, NiPc-Ni(NH),
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Figure 3 (a) Normalized Ni K-edge XANES spectra of the Ni foil, NiO,
NiPc and NiPc-Ni(NH),4; (b) Fourier transform EXAFS spectra of the Ni
foil, NiO, NiPc and NiPc-Ni(NH),; (c) the corresponding EXAFS fitting
curves of NiPc-Ni(NH),; (d) wavelet transform EXAFS spectra of the Ni
foil, NiO, NiPc and NiPc-Ni(NH), (color online).

shows a strong absorption peak at about 8340 eV similar to
the reference sample NiPc, which is associated with the 1s to
4p electronic transition [7]. The results suggested that the Ni
atoms in NiPc-Ni(NH), adopt similar coordination config-
uration to NiPc with Ni-N, structure [35]. The Fourier
transform EXAFS (FT-EXAFS) spectrum of NiPc-Ni(NH),
(Figure 3b) clearly demonstrates an intense signal at 1.39 A,
which can be ascribed to the characteristic Ni-N coordination
path. Notably, compared with the Ni-N coordination peak at
1.48 A for the reference NiPc, the corresponding R value in
NiPc-Ni(NH), slightly shifts to 1.39, which can be attributed
to the existence of shorter Ni-N bond of Ni(NH), node in the
framework of NiPc-Ni(NH), [34,35]. The EXAFS spectrum
of NiPc-Ni(NH), also shows an obvious signal at 1.84 A,
near to the Ni-O position (1.74 A) of NiO, which may be
ascribed to the coordination of water molecules to Ni atom in
the axial direction perpendicular to Ni-N, plane in NiPc-
Ni(NH),. Furthermore, the peak at the position of Ni-Ni
coordination was absent in the Ni K-edge EXAFS curve of
NiPc-Ni(NH),, which manifested that no Ni particles existed
in the NiPc-Ni(NH), sample and the Ni species were in
atomically isolated form. In addition, according to the fitting
result based on the EXAFS curves in Figure 3¢ and Table S1
(Supporting Information online), the Ni species in NiPc-
Ni(NH), is coordinated with four nitrogen atoms and one
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oxygen atom from the coordinated water molecule. Wavelet
transform EXAFS (WT-EXAFS) is considered to be a good
supplement for FT-EXAFS owing to its powerful resolution
in both k£ and R spaces [37,38]. The WT contour plots of
NiPc-Ni(NH), (Figure 3d) show the intensity maximum at
3.6 A™', which can be assigned to the Ni-N(O) contribution.
The WT signals associated with the Ni-Ni bond were not
detected, as compared with the WT contour plots of Ni foil
and NiO standards. These further demonstrated that the Ni
species are highly dispersed in NiPc-Ni(NH),, which is
consistent with the aforementioned PXRD and TEM results.

The porous nature of NiPc-Ni(NH), was further verified
by the N, sorption isotherms at 77 K (Figure 4a), which
revealed that it has a Brunauer-Emmett-Teller (BET) surface
area of 172 m’ gf1 (Table S2). The corresponding pore size
distribution (Figure 4a inset) analyzed with the non-local
density functional theory (NL-DFT) method showed that
NiPc-Ni(NH), has an accessible pore size of ~1.7 nm, which
is consistent with simulated structure (Figure 1). Such large
microporous structure would be beneficial for reactants
diffusion and mass transport to improve the electrocatalytic
activity. Moreover, the porous NiPc-Ni(NH), has a large CO,
adsorption capacity of 41 cm’ g_1 at 298 K (Figure 4b),
which suggests a strong CO, affinity by the NiPc-Ni(NH),
with a nitrogen-rich structure for enhancing its electro-
catalytic activity in CO,RR. In order to investigate the
electrical conductivity capacity of NiPc-Ni(NH),, the con-
ductivity measurement for the compressed NiPc-Ni(NH),
pellet with a thickness of 1.03 mm was performed with two-
probe method [32]. As shown in Figure S5, NiPc-Ni(NH),
has a high electrical conductivity of up t0 2.39x10* S m™" at
room temperature. The high conductivity value for NiPc-
Ni(NH), is several orders of magnitude higher than those of
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Figure 4 (a) N, sorption isotherms of NiPc-Ni(NH), at 77 K (inset pore-
size distribution profile); (b) CO, sorption isotherms of NiPc-Ni(NH),
measured at 298 K; (c) Nyquist plots from —0.7 to —1.1 V of NiPc-
Ni(NH),; (d) AFM image (scale bar = 10 pm) and the corresponding cross-
sectional profile of NiPc-Ni(NH), nanosheets (color online).
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insulating MOFs [26], which would promote electronic
transmission to the active sites and facilitate the energetic
conversion efficiency The Nyquist plots (Figure 4c) further
confirm that the NiPc-Ni(NH), sample has fast electron
transport ability as verified by its small semicircular dia-
meter at every potential in a wide potential range of —0.7 to
—1.1 V (Table S3). To guarantee the well-defined Ni(Il) ac-
tive sites in the slipped AA-stacking frameworks are highly
accessible to the reactive species and electrolytes during
catalytic process, the NiPc-Ni(NH), bulks were transformed
into nanosheets by sonication exfoliation method [39,40].
The obtained NiPc-Ni(NH), nanosheets were characterized
by atomic force microscopy (AFM) (Figure 4d) and showed
a uniform thickness of only 1.35 nm corresponding to four-
to five-layer NiPc-Ni(NH), nanosheets. Such an ultrathin 2D
sheet structure would greatly enhance the specific surface
area of NiPc-Ni(NH), and contribute to the exposure of ac-
tive centers to improve electrocatalysis.

3.2 Electrocatalytic performance for CO,RR

The CO, electroreduction experiments were conducted in
0.5 M KHCOj; aqueous electrolyte using a gas-tight H-type
electrolysis cell separated by a proton-exchange membrane.
As shown by the LSV curves in Figure 5a, NiPc-Ni(NH),
nanosheets showed a more positive onset potential and
higher current density in CO,-saturated 0.5 M KHCO;
electrolyte relative to those in Ar-saturated corresponding
electrolyte, suggesting its high CO, reactivity and the fea-
sibility for CO,RR. The gas chromatography (GC) and NMR
analyses manifested that CO and H, are the only detectable
gaseous products in the applied potential range from —0.7 to
—1.1V and no liquid product was formed in the CO,RR
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Figure 5 (a) LSV curves in the Ar-saturated and CO,-saturated 0.5 M
KHCO; electrolytes at a scan rate of 10 mV s (b) FE¢o from —0.7 to
—1.1 V of NiPc-Ni(NH), and Ni;(HITP),; (c) stability test of NiPc-Ni(NH),
at —0.7 V for 10 h; (d) operando ATR-FTIR of NiPc-Ni(NH), at —0.7 V in
CO,-saturated 0.5 M KHCO; electrolyte (color online).
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(Figure S6). Notably, almost no CO was produced in the Ar-
saturated 0.5 M KHCOs; electrolyte (Figure S7), confirming
that CO mainly originated from CO,. As shown in Figure 5b,
the NiPc-Ni(NH), nanosheets exhibited impressive activity
for the conversion of CO, to CO with over 89.1% Faradaic
efficiency in a wide potential range of —0.7 to —1.0 V and
achieved the highest CO faradaic efficiency (FEcp) of 96.4%
at—0.7 V. Meanwhile, the partial current density for CO (jo)
of NiPc-Ni(NH), nanosheets increased with more negative
potentials applied, and reached a maximum value of
248mAcm ° at —1.1V (Figure S8). Such excellent per-
formance achieved by NiPc-Ni(NH), nanosheets outper-
forms all the 2D MOF electrocatalysts (Figure S9)
[22,23,30,31] and the vast majority of the 3D MOF elec-
trocatalysts reported in H-type electrolysis cell (Table S4)
[24,27,41-47]. This mainly results from their excellent
electron conductivity and highly exposed active sites.

To evaluate the electrocatalytic stability of the NiPc-
Ni(NH), sample, a constant potential electrolysis of CO, was
conducted (Figure 5c¢). At —0.7 V in CO,-saturated 0.5 M
KHCO; electrolyte, the catalyst attained a steady current
density after half an hour and showed a Faradaic efficiency
of 91%+5% for CO during 10 h electrolysis time, which
demonstrated the good durability of the NiPc-Ni(NH), cat-
alyst. The TEM images (Figure S10a, b) of the NiPc-
Ni(NH), after electrolysis for 10 h confirmed that the cata-
lyst can maintain its morphology during the CO,RR. Fur-
thermore, no Ni NPs were generated at NiPc-Ni(NH),
electrode under catalysis conditions. The PXRD profile of
NiPc-Ni(NH), after electrolysis (Figure S10c) revealed that
the crystallinity of the catalyst remained almost unchanged
when compared with that of the fresh catalyst. The oxidation
state of Ni(II) was maintained, as verified by pre- and post-
electrolysis analysis of NiPc-Ni(NH), using XPS technique
(Figure S10d). ICP result revealed that negligible leaching of
nickel species was detected in the electrolyte (Table S5). All
these results proved the good stability of NiPc-Ni(NH),
catalyst during CO,RR.

3.3 Probing the active site for CO,RR

To confirm whether the NiPc motif or Ni(NH), node in NiPc-
Ni(NH), is the active site for CO,RR, the typical conductive
2D MOF Niy(HITP), containing the same Ni(NH), nodes
(Scheme S2) was also synthesized using 2,3,6,7,10,11-hex-
aaminotriphenylene hexahydrochloride and NiCl,-6H,0
[28,32], as confirmed by PXRD pattern (Figure S1la), ni-
trogen sorption isotherms (Figure S11b and Table S2) and
CO, sorption isotherms (Figure Sllc). The impedance of
Niy(HITP), is similar to that of NiPc-Ni(NH), at the same
potential (Figure 4c and Figure S11d, Table S3), suggesting
they have similar electron kinetics. The CO,RR conditions
for Ni;(HITP), were similar to that of NiPc-Ni(NH),. As
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shown by the LSV curves in Figure Sa, in CO,-saturated
electrolyte, NiPc-Ni(NH), displayed more positive onset
potential and much large current densities in comparison
with Ni;(HITP),, suggesting the key role of NiPc units for
promoting CO,RR. Furthermore, different from the NiPc-Ni
(NH), catalyst towards highly selective production of CO, H,
was the major product for Ni;(HITP), over the investigated
potential range (Figure 5b). Notably, the carbon fiber paper
with ketjenblack and Nafion displayed almost no activity for
CO,RR and the H, yield are close to 100% (Figure S12).
Moreover, no Ni NPs were observed in the TEM images
(Figure S10a, b) of the NiPc-Ni(NH), after CO,RR for 10 h.
Thus, it is reasonably believed that the NiPc units in NiPc-
Ni(NH), were the active centers for the electrocatalytic
conversion of CO, to CO.

To further investigate the active site of NiPc-Ni(NH), for
CO,RR, the theoretical calculations were further performed.
As shown in Figure 6a, b, the CO,RR pathway may consist
of three reactions. First, *COOH was generated by an elec-
tron-proton coupling transfer process, which is considered to
be the rate-determined step (RDS) and its free energy is
1.72 eV; Second, *COOH was converted to *CO through
another electron-proton coupling transfer process; Finally,
CO was desorbed and the free active site was regenerated.
The HER pathway may consist of two reactions. The H was
adsorbed to the active site and generated *H, which is
identified as the rate-determined step and its free energy is
1.81 eV; Then, H, was desorbed to regenerate the free active
site. It is obviously that the free energy for the RDS of
CO,RR (1.72 eV) is lower than that for HER (1.81 e¢V) by
NiPc site of NiPc-Ni(NH),, which reinforced our experi-
mental result that the CO,RR occurred preferentially at NiPc
site. The energies for CO,RR and HER by Ni(NH), site of
NiPc-Ni(NH), were also calculated as given in Figure S13.
The free energy for the RDS of CO,RR in Ni(NH), is larger
than that of HER, suggesting that the later reaction is
dominated at Ni(NH), site rather than CO,RR. The above
results were consistent with the experiments. The high ac-

Free Energy (eV)

N tHH,

Reaction Coordinate Attraction Repulsion

Figure 6 The calculated mechanisms of CO,RR (a) and HER (b) by NiPc
site of NiPc-Ni(NH),; (c) the noncovalent-interaction (NCI) between CO,
molecule and NiPc site of NiPc-Ni(NH),; (d) the NCI between CO, mo-
lecule and Ni(NH), site of NiPc-Ni(NH), (The red arrow indicates the
direction of atomic force) (color online).
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tivity and selectivity of NiPc site in NiPc-Ni(NH), for CO,
RR were further explained in terms of noncovalent-interac-
tion (NCI) and atomic force. As shown in Figure 6c, d, there
is stronger van der Waals interaction between CO, molecule
and NiPc site compared with Ni(NH), site. Furthermore, the
direction of CO, molecule force is from C atom of CO,
molecule to Ni atom of NiPc site as the CO, adsorbed on
NiPc site. In contrast, the direction of CO, molecule force is
from O atom of CO, molecule to the centre of NiPc-Ni(NH),
fragment as the CO, adsorbed on Ni(NH), site. It is clearly
that the CO, molecule that adsorbed on Ni(NH), site is easy
to transfer to NiPc site. Thus, in this way, the CO,RR active
site can be determined as NiPc site of NiPc-Ni(NH),.

3.4 The reaction pathway of CO,RR over NiPc-Ni(NH),

To explore possible reaction intermediates during CO,RR
and gain insights into the reaction pathway of CO,RR over
NiPc-Ni(NH),, operando electrochemical attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) for NiPc-Ni(NH), was recorded at —0.7 V in CO,-
saturated 0.5 M KHCO;j electrolyte. As shown in Figure 5d,
the strong peaks centered at 1,394 cm ' can be seen clearly in
these spectra, which consist of the C-O stretch of *COOH
[48,49]. In addition, the weak peaks located at 2,042 cm '
belonging to the *CO intermediate were observed [48]. And
their intensity gradually increased with the formation of
*COOH intermediate and finally reached dynamic balanced,
which suggests that *CO should be derived from *COOH.
Thus, the possible CO,RR pathway of the conversion of CO,
to CO on NiPc sites of NiPc-Ni(NH), electrode is consistent
with the above theoretical calculations results [50].

4 Conclusions

In conclusion, a conductive 2D NiPc-based MOF (NiPc-
Ni(NH),), in which the square planar nickel(II) nodes were
bridged by the octaamino-substituted nickel(II) phthalocya-
nine ligands, was constructed and employed as highly effi-
cient electrocatalyst for CO, reduction. The 2D NiPc-
Ni(NH), showed good electrical conductivity enabled by the
d-m conjugation between the nickel node and the planar Ni-
phthalocyanine building block. Thus, the NiPc-Ni(NH),
nanosheets with highly exposed active sites exhibited a high
CO Faradaic efficiency of 96.4% at —0.7 V and large CO
partial current density of 24.8 mA em ” at —1.1V, in excess
of those previously reported for all the 2D MOF catalysts
examined in H-cell. Moreover, the fully conjugated NiPc-
Ni(NH), could maintain its activity under continuous elec-
trocatalysis test for 10 h. The combination of contrast ex-
periment and DFT calculations revealed that the NiPc motifs
are the catalytically active sites. This work sheds light on the
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excellent electrocatalytic behavior of intrinsically con-
ductive 2D MOFs and provides a promising design direction
for future enhancement of the activity of electrocatalyst.
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