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While metal-organic frameworks (MOF) alone offer a wide range of structural tunability, the formation of
composites, through the introduction of other non-native species, like polymers, can further broaden
their structure/property spectrum. Here we demonstrate that a polymer, placed inside the MOF pores,
can support the collapsible MOF and help inhibit the aggregation of nickel during pyrolysis; this leads to
the formation of single atom nickel species in the resulting nitrogen doped carbons, and dramatically
improves the activity, CO selectivity and stability in electrochemical CO, reduction reaction. Considering
the vast number of multifarious MOFs and polymers to choose from, we believe this strategy can open
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Introduction

During the last three decades, metal-organic frameworks
(MOFs) have demonstrated applications in many areas coupled
to catalysis, gas adsorption/separation, water remediation,
sensing, drug delivery and so on. This is a direct result of their
vast structural and chemical tunability, unprecedented
porosity, diverse set of potential topologies, etc.”” Despite this,
the use of MOFs directly in the field of electrochemical catalysis
of reduction reactions remains elusive,® a result of the relatively
weak coordination bond and reducible metal species found in
MOF structures.”™ To alleviate this, many have resorted to the
pyrolysis of MOF precursors, which results in the formation of
high surface area, metal doped carbons."*** These MOF-derived
materials have not only been impactful in electrochemical
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catalysis, but have also found use in photocatalysis, batteries,
and supercapacitors, among others.*>*°

Unfortunately, the list of MOFs employed as precursors for
pyrolysis is to date not extensive due to several structural
aspects. First, many MOFs are constructed by carbon-based
ligands with oxygen-coordination sites, and most of the
oxygen naturally exits the structure during pyrolysis in the form
of CO,.* This, combined with very low densities of other types
of potential metal-coordinating species, such as nitrogen, limits
accessible lone pairs on the ligand backbone. As such, many
MOF structures have limited capacity to inhibit metal aggre-
gation during pyrolysis. This leads to MOF-derived carbons with
nanoparticles (NPs) rather than small clusters or single-atom
sites, a feature that effectively reduces the number of active
sites limiting the activity and longevity of the resulting catalysts.

To date, there are a few MOF precursors that are regularly
employed to make MOF-derived carbons, such as ZIF-8 and ZIF-
67.22* ZIFs, a subset of MOFs, are constructed by imidazole
ligands having a relatively high density of N-based coordination
sites.”® However, ZIFs are predominately constructed by Zn and
Co cations limiting the type of the metallic species that are
subsequently incorporated into the carbons.?® To expand the list
of potential pyrolysis precursors, one could make a number of
structural modifications to MOFs that might improve metal
dispersion and hence the resulting performance of MOF-
derived catalysts. For instance, ligands having higher densi-
ties of non-oxygen coordinating species could be designed.
However, after the painstaking task of ligand synthesis, one
must also elucidate the conditions for MOF formation. Such
a laborious effort is unappealing for one who aims to
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subsequently destroy the material.””*® Rather than making new
ligands and their corresponding MOFs, another alternative and
effective strategy to increase the density of Lewis base func-
tionality is to introduce a second component that can help to
immobilize metal species during thermal treatment.**** For
instance, our group recently introduced nitrogen-containing
polymers into MOF channels,*®? and demonstrated that
these can inhibit the aggregation of Pd NPs during thermal
catalysis, an effort that was found to extend the catalyst lifetime
significantly.*® The results of this work inspired us to test
whether such polymers can also improve metal dispersion and
stability during MOF pyrolysis. We hypothesize that such an
effort can help to extend the scope of MOF materials employed
as precursors, thereby significantly broadening the structural
features and compositions of the resulting carbons.’**

As a promising process to help achieve a carbon neutral
energy cycle, the electrochemically driven CO, reduction reac-
tion (CO,RR) has attracted much attention; however, this
process is still suffering from the lack of efficient electro-
catalysts.*»** Although some MOFs and MOF-derived catalysts
have been developed for CO,RR, their selectivity and stability
require further improvement.***

Herein, we show that MOF-polymer composites are a plat-
form for the preparation of MOF-derived carbons having highly
dispersed metal species. The introduced polymer not only
greatly improves metal dispersion, but also the accessible
surface area, and thus provides better electrochemical activity
for CO,RR than the parent MOF. If one considers the plethora of
MOFs and polymers to choose from, this approach to the design
of porous carbons, could have a host of potential applications
coupled to energy conversion and storage. It should be noted
that during the preparation of this work, a MOF-polymer
derived carbon was employed for CO,RR.** In the present
manuscript, we note the polymer introduction is easy, does not
require MOF activation or excessive amounts of monomer, and
upon polymer introduction, the surface area of the composite is
markedly improved because the polymer serves as a support for
the MOF walls.

Results and discussion

The preparation method is shown in Scheme 1. First, a MOF
known as Ni,(NDISA) was prepared using previously reported
procedures, using nickel nitrate hexahydrate and naphthalene
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diimide salicylic acid (NDISA) as the metal salt and organic
linker, respectively.*® After collecting the as-synthesized MOF,
polydopamine (PDA) was introduced into the MOF using an in
situ aerobic oxidation reaction converting the dopamine
monomer into PDA to form Ni,(NDISA)-PDA. It was hypothe-
sized that the polymerization process, which inhibits the
collapse of the mesoporous MOF channels*® during solvent
removal, might also lead to a carbon having higher surface
areas. Finally, melamine was pyrolyzed in a separate boat,
placed downstream from the Niy(NDISA)-PDA sample.
Nitrogen-rich precursors, like melamine, evolve NH; gas during
pyrolysis and hence can be used to provide extra nitrogen
species to the MOF sample during high temperature treat-
ment.*** In light of the low nitrogen content in free-base
dopamine (4.54 atom%) and the NDISA ligand (3.70 atom%),
melamine (40.0 atom%) was introduced as an extra nitrogen
source to help further stabilize the nickel species during heat
treatment. Next, all three samples including Ni,(NDISA), Ni,(-
NDISA)-PDA, and Ni,(NDISA)-PDA with melamine underwent
pyrolysis. The resulting materials are etched with 3 mol L™ HCI
aqueous solution for 12 h to remove the Ni particles on the
surface,”® and the final nickel-containing nitrogen-doped-
carbon catalysts are denoted as Ni/NC, Ni/NC-D, and Ni/N-
CNTs, respectively. It is noted that the decomposition of mela-
mine produces reducing gases, including NH; and H,, that
facilitated the growth of carbon nanotubes (CNTs) during the
pyrolysis of Ni,(NDISA)-PDA.*

Before pyrolysis, the MOF and MOF composite were char-
acterized. Analysis of the X-ray diffraction (XRD) pattern of the
as-prepared Ni,(NDISA) matches well with the simulated one,
confirming successful preparation of the MOF (Fig. S1f).
Scanning electron microscopy (SEM) images of the Ni,(NDISA)
show a spherical chestnut-like morphology with lots of needle-
like nanorods assembled on the surface (Fig. S21). Due to the
collapse of mesoporous Ni,(NDISA), its surface area, deter-
mined via N, adsorption measurements at 77 K, is only 246 m>
g ! after solvent removal. This value is well-below the theoret-
ical surface area of 2872 m* g~ ' determined by Zeo++ using
a probe radii of 1.860 A (Fig. S3at).® During the polymer
insertion, Niy(NDISA) turned from an earthy yellow color to
black, which is indicative of the presence of the highly conju-
gated PDA (Fig. S4t). The XRD pattern of the Ni,(NDISA)-PDA is
also consistent with the simulated powder pattern obtained
from the crystal structure of Niy(NDISA), implying that the

Ni/N-CNT

Scheme 1 The preparation process used to prepare Ni/N-CNTs composites.
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material was well preserved during the polymerization reaction
(Fig. S5%). FT-IR spectra also imply there is no structural
difference between the parent MOF and MOF/polymer
composite (Fig. S61). Further, Raman spectroscopy, Fig. S7,t
reveals that the composite spectrum is the sum of the features
observed for PDA and Ni,(NDISA), and SEM images also show
no change in crystal morphology (Fig. S81). The BET surface
area of Ni,(NDISA)-PDA, 1298 m> g, is over five times that of
the parent MOF, 246 m* g " (Fig. S3at). This is accompanied by
an increase of pore volume from 0.152 cm® g t0 0.816 cm® g "
after polymer addition. In addition, pore size distribution of
Ni,(NDISA)-PDA indicates a peak centered at 3.02 nm, which is
close to the theoretical value of 3.3 nm determined from the
crystal structure (Fig. S3bt). The increased porosity is due to the
polymer support, which inhibits deformation of the metal
helices that is caused by -7 stacking interactions between the
adjacent naphthalene groups of the NDISA ligands.*® In addi-
tion to an increase in surface area, the CO, capacity is doubled,
from 0.80 mmol g~ to 1.50 mmol g~ " at approximately 1.2 bar,
after the polymer loading (Fig. S91). This observation is likely
due to the presence of amine groups on the polydopamine
backbone combined with increased accessible surface area.’
TGA analysis of the Ni,(NDISA)-PDA in air revealed that the
polymer loading is ~20.5 wt% (Fig. S107).

Next, samples including Ni,(NDISA), Ni,(NDISA)-PDA, and
Ni,(NDISA)-PDA/melamine, underwent pyrolysis at 1000 °C for
2 hours and acid etching, forming Ni/NC, Ni/NC-D, and Ni/N-
CNTs, respectively. ICP-OES analysis shows the Ni loadings in
the Ni/NC, Ni/NC-D and Ni/N-CNTs are 1.67, 0.80 and 2.36 wt%,
respectively. XRD patterns of the three samples reveal low-
intensity diffraction peaks associated with metallic nickel,
which results from Ni NPs embedded inside the carbon layer
(Fig. 1a).** This was further confirmed by the TEM character-
ization (Fig. S11%). It is expected that because the Ni nano-
particles are protected from the etching acid (HCl) by the
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Fig.1 XRD patterns (a), Raman spectra (b), high resolution XPS N 1s (c),
and high resolution XPS Ni 2p spectra (d) of the Ni/NC (orange), Ni/
NC-D (blue) and the Ni/N-CNTs (red).
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graphitic layers, that the NPs also cannot come into contact with
the electrolyte/gas during catalytic reactions. Despite their
unlikely role in the catalytic reaction, the Ni particles are
conductive and thus can provide a pathway for electrons,
enhancing the conductivity as observed in previous studies.*>>*
Moreover, residual nickel nanoparticles in the carbon matrix
can potentially act as a source for the formation of more single
atom nickel sites during catalyst preparation if extra polymer
and the second thermal treatment was adopted.>**® In addition
to residual NPs, high-angle annular dark-field (HAADF) STEM
images and EDXS elemental maps clearly confirm the presence
of single Ni atom sites in all three carbons (Fig. S12-S161 and
Fig. 2). The BET surface areas are 164, 287, and 50 m> g~ * for Ni/
NC, Ni/NC-D and Ni/N-CNTs, respectively, and the materials
have an irregular pore size distribution (Fig. S177). It is noted
that the highest surface area carbon is obtained with the help of
the PDA support; this phenomenon is expected given that PDA
inhibits the MOF collapse. It is likely that the decreased surface
area of the Ni/N-CNT sample is due to the introduction of
melamine, which promotes the formation of CNTs that are
denser than the MOF-derived porous carbon. Raman spectra
show the presence of D, G, and 2D bands at 1342, 1573,
2682 cm ™! and with I,/Ig values of 0.75, 0.55, 0.58 for Ni/NC, Ni/
NC-D and Ni/N-CNTs, respectively (Fig. 1b). The reduced I/l
values indicate the degree of graphitization is enhanced in Ni/
NC-D and Ni/N-CNTs; this structural feature can improve the
electrical conductivity of carbon matrix facilitating electron
transport for electrochemical applications.®

As shown in Fig. 2, after the pyrolysis of Ni,(NDISA)-PDA/
melamine and a further acid etching step meant to remove Ni
NPs, the spherical structure of Ni,(NDISA)-PDA was maintained
meanwhile large quantities of carbon nanotubes grow on the
material's surface (Fig. 2a-c). Upon a closer look, the CNTs are
found to be entangled, forming a three-dimensional network.
As expected, no CNT growth was observed for the other two
samples that exclude melamine (Fig. S12 and S147).* Further,
after acid etching, a small amount of nickel nanoparticles (NPs)
still remain in the Ni/N-CNTs (Fig. 2d and S18t); this is likely
due to the dense graphitic carbon layer that protects the
NPs.***%% Upon closer inspection of the CNTs, a considerable
amount of single atom nickel species are found distributed
throughout the CNTs (Fig. 2e). Further, energy dispersive X-ray
spectroscopy (EDXS) in scanning TEM mode (STEM) indicates
that C, N and Ni are also well-dispersed throughout the Ni/N-
CNTs (Fig. 2g-i and S16%).

The surface chemical composition and elemental valence
states of Ni/NC, Ni/NC-D and Ni/N-CNTs were further investi-
gated by XPS. For all three samples, high-resolution N 1s spectra
revealed the presence of the porphyrin-like Ni-N, moieties at
399.5 eV, as well as pyridinic (398.5 eV), pyrrolic (401.0 eV),
graphitic (402.7 eV), and N-O, (405.2 eV) species (Fig. 1c).***
The Ni-N, fraction relative to total nitrogen content for Ni/N-
CNTs (18.3%) was higher than that for Ni/NC (9.0%) and Ni/
NC-D (7.0%). Further, Ni/N-CNTs exhibited much higher Ni
and N content (0.9 at% and 6.2 at%, respectively) on the surface
compared with Ni/NC and Ni/NC-D (Table S17). While XPS has
limitations with regard to probe depth, these results indicate

Chem. Sci., 2020, 11, 10991-10997 | 10993
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Fig.2 SEM (a—c), bright-field TEM (d) and HAADF-STEM images of Ni/N-CNTs (e and f). STEM-EDXS elemental maps (g—i) of C, N and Ni of Ni/N-
CNTs sample shown in (f). Due to the high density of single atoms inside the N-CNTs, only a few metal single atoms are indicated by red circles in

(e).

that the nitrogen content in Ni/N-CNTs is indeed enhanced,
a structural feature that can help stabilize Ni species during the
pyrolysis and acid etching. Further, the binding energies of Ni
2psz» in Ni/NC-D and Ni/N-CNTs are approximately 854.5 eV,
which is higher than metallic Ni° (853.0 eV) but lower than Ni**
in nickel phthalocyanine (NiPc, 855.0 eV); this suggests that
low-valence state Ni species are present on the surface of these
two samples (Fig. 1d).*> For the Ni/NC sample, a weak Ni° peak
can also be observed at 853.0 eV, which can be ascribed to the
existence of non-coordinated Ni NPs (Fig. S11at). These results
indicate that the addition of polymer can efficiently improve the
dispersion and the stabilization of Ni species.

Due to the high surface sensitivity of XPS (detection depth
often less than 10 nm), we collected ex situ X-ray absorption
near-edge spectroscopy (XANES) and extended X-ray absorption
fine structure (EXAFS) data, using synchrotron radiation. Such
techniques can provide a complete determination of the elec-
tronic structures and the coordination environment of the Ni
atoms in the three samples. The XANES spectra (Ni K-edge
measurements) of Ni/NC, Ni/NC-D, and Ni/N-CNTs and two
references samples including Ni foil and NiPc are shown in
Fig. 3a. The samples have a shift in the absorption edge to
higher energies and an increase in the white-line intensity
(denoted by the purple arrows) with the following trend: Ni/NC
< Ni/NC-D < Ni/N-CNTs. The shift indicates a stepwise increase

10994 | Chem. Sci, 2020, 11, 10991-10997

in the oxidation state of the Ni atoms from left to right and an
intermediate oxidation state between 0 (metallic) and +2 (NiPc)
for all three samples. It is known that higher oxidations states
can be stabilized by the presence of electronegative nitrogen
species,* and hence it is no surprise that the shifting absorp-
tion edge correlates well with the increase N-content in the
samples, Ni/NC < Ni/NC-D < Ni/N-CNTs. To further confirm this
hypothesis, EXAFS spectra were obtained. Fig. 3b and Table S2
displays the Fourier transform of the phase uncorrected EXAFS

@ ® N\

Ni/N-CNTsj

Normalized intensity / a.u.
°
2
FT magnitude / A*

Ni foil|

0.0 T T T T . T
8320 8340 8360 8380 8400 8420 0 1 2 3 4 5 6
Energy / eV Radial distance / A

Fig. 3 (a) Normalized XANES spectra and (b) Fourier transform (FT) of
k?-weighted EXAFS (solid lines) and the fit results (dashed lines) for Ni
foil (black), Ni/NC (red), Ni/NC-D (blue), Ni/N-CNTs (green), and Ni-PC
(purple), respectively. The blue vertical dashed lines at ca. 1.45 and 2.19
Ain (b) are to mark the position of Ni—N and Ni—Ni bonds, respectively.
Details on the EXAFS analysis are provided in the ESI.}
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for the three Ni-containing materials. According to the stan-
dards, the peaks at ca. 1.45 and 2.19 A can be assigned to Ni-N
and Ni-Ni bonds, respectively. While Ni/NC and Ni/NC-D
display similar features as the metallic Ni foil, showing
predominantly a Ni-Ni contribution and only a minor contri-
bution from the Ni-N scattering path, the Ni/N-CNTs have
a highly pronounced contribution from Ni-N. Fittings of the
EXAFS data indicate an increase in the coordination number
(C.N.) of the Ni-N shell from 0.44 (+0.29) < 1.38 (£0.52) < 3.13
(£0.25), and a reduction in the C.N. of the Ni-Ni shell from 8.63
(£0.29) > 6.55 (+0.32) > 1.74 (+0.19) for Ni/NC, Ni/NC-D, and Ni/
N-CNTs, respectively. Note that X-ray absorption spectroscopy is
a more bulk sensitive technique when compared to XPS, thus
the former technique is able to resolve more metallic Ni signals
from the Ni particles coated in the carbon layers and provides
the coordination environment of both Ni particles and Ni single
atoms.*® As XPS results show that no Ni° can be detected on the
surface of Ni/NC-D and Ni/N-CNTs and EXAFS results show that
there is no clear Ni-C coordination, we anticipate that the single
atom Ni is with a Ni-N, configuration.®* While in case of Ni/NC,
both Ni’* and Ni® were detected with XPS, we propose that the
coordinate environment of surface Ni atoms for this sample is
Ni-Ni,~N,. Overall, from the XPS, XANES and EXAFS results we
can infer that the added polymer, which provides extra nitrogen
to the MOF precursor, results in more single atom Ni species
coordinated to N.

During the last few years, single-atom nickel species coor-
dinated to nitrogen doped carbon materials have been identi-
fied as highly selective catalysts for CO formation in the
CO,RR.'**% However, more often than not, sophisticated
approaches are required for the formation of the single-atom
catalysts.** Considering that the Ni/N-CNT offers both a 3D
conductive network and highly dispersed nickel species, CO,RR
was chosen as a proof-of-concept application to demonstrate
that polymers can lend to enhanced performance of MOF
precursors employed in pyrolysis.

The CO,RR performance was evaluated in a batch reactor (H-
cell) using 0.5 M KHCOj; as the electrolyte. The gaseous and
liquid products were quantified using gas chromatography (GC)
and high performance liquid chromatography (HPLC).*® Similar
to previously reported single-atom Ni catalysts, only H, and CO
were detected as products in the examined potential range
(Fig. 4a and S197) for all three samples. At a low overpotential
range (—0.4 to —0.8 V vs. RHE), the CO faradaic efficiency (FE)
follows a trend of Ni/N-CNTs > Ni/NC-D > Ni/NC, which corre-
lates with the average valency of the Ni (as well as the Ni-N,
content), indicating that the Ni single atom sites play the
dominant role for electroreduction of CO, to CO. Specifically,
both Ni/NC-D and Ni/N-CNTs showed over 96% FE for CO at
—0.67 V vs. RHE. In addition, we find that the CO selectivity of
the Ni/N-CNTs sample is also higher than that of the sample
without acid-etching (Fig. S20 and S21%), which further
confirms the necessity of removing metallic Ni particles to
expose only Ni-N, sites for CO,RR.

For all three samples, both the CO partial current density
and the mass activity increased with the decrease of applied
potential (Fig. 4c and d). Ni/N-CNTs exhibited the highest CO

This journal is © The Royal Society of Chemistry 2020
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Fig.4 The performance of the electrochemical CO, reduction on the
as-prepared Ni/NC, Ni/NC-D, Ni/N-CNTs catalysts. (a) Faradaic effi-
ciency, (b) geometric partial current density and (c) mass partial
current density of CO as a function of potential; (d) faradaic efficiency
and potential as a function of testing time for Ni/N-CNTs.

partial current density compared with those of Ni/NC and Ni/
NC-D (Fig. 4b), due to its high concentration of Ni-N, sites.
On the other hand, the Ni/NC sample derived from pure MOF
had the lowest Ni-N, content as well as the lowest Ni-N coor-
dination number compared with the other two samples; thus
this sample showed the worst CO selectivity and activity.®
Interestingly, at high overpotentials, Ni/NC-D exhibited an even
better mass activity than the Ni/N-CNTs, likely because the high
geometric activity of the Ni/N-CNTs leads to a more severe CO,
mass transfer limitation.*” During stability tests, Ni/N-CNTs
maintained over 90% CO FE for more than 12 h and the Ni
particles remained under the protection of graphite layers
(Fig. S22t). In comparison, the CO FE for Ni/NC-D decreased
slowly from 90% to 80% in 2 hours and Ni/NC showed rapid
deterioration in 0.5 hour (Fig. S23}). These results unambigu-
ously demonstrate that using MOF-polymer as precursor
instead of pure MOF can dramatically improve the CO,RR
performance, including activity, CO selectivity and stability.
These properties might be further improved by adding extra N
in the pyrolysis process to generate more stabilized Ni-N,
species.

Conclusions

In summary, using a Ni-MOF-polymer composite as
a precursor to pyrolysis, we have prepared a catalyst that
consists of highly dispersed Ni-N, species. The nitrogen-
containing polymer, polydopamine, improves the surface area
of the resulting carbon and helps to minimize the formation of
Ni-Ni bonds.

It is noted, that carbons prepared only from MOF precursors,
more often than not, offer minimal nitrogen content and hence
low metal dispersion.*® We believe, using composite precursors
is an easy and effective strategy to enhance the performance of
MOF-derived carbons in various electrochemical applications.

Chem. Sci., 2020, 11, 10991-10997 | 10995
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As a demonstration, we designed a Ni/N-CNT catalyst that was
derived from a MOF/polymer composite; the resulting carbon
offers high activity, selectivity and stability during electro-
chemical CO, reduction to CO. This performance is dramati-
cally better than the carbon derived only from the parent Ni-
MOF, denoted as Ni/NC. Considering the vast number of MOFs
and polymers that can be employed as composite building
blocks, we believe this strategy can provide a platform for the
future design of high performing catalysts.
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