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MOF-derived cobalt phosphide/carbon nanocubes for selective
hydrogenation of nitroarenes to anilines

Shuliang Yang,® Li Peng,’? Emad Oveisi,” Safak Bulut,’® Daniel T. Sun,’® Mehrdad Asgari,’® Olga

Trukhina,® and Wendy L. Queen*

Abstract: Transition-metal phosphides have received tremendous
attention during the past few years because they are earth-abundant,
cost-effective, and show outstanding catalytic performance in
several electrochemically driven conversions including hydrogen
evolution, oxygen evolution, and water splitting. As one member of
the transition-metal phosphides, CosP-based materials have been
widely explored as electrocatalyts; however, their application in the
traditional thermal catalysis are rarely reported. In this work, cobalt
phosphide/carbon nanocubes are designed and their catalytic
activity for the selective hydrogenation of nitroarenes to anilines is
studied. A high surface area metal-organic framework (MOF), ZIF-67,
is infused with red phosphorous, and then pyrolysis promotes the
facile production of the phosphide-based catalysts. The resulting
composite, consisting of Co,P/CNy nanocubes, is shown to exhibit
excellent catalytic performance in the selective hydrogenation of
nitroarenes to anilines. To the best of our knowledge, this is the first
report showing catalytic activity of a cobalt phosphide in nitroarenes
hydrogenation.

As a relatively new class of porous materials, metal-organic
frameworks (MOFs), have moved to the forefront of materials
research because of their unprecedented internal surface areas,
tunable topologies, and designable pore surfaces.! These
properties endow MOFs with great promise in applications
coupled to catalysis, gas adsorption/separation, chemical
sensing and so on.[? For example, the organic ligands in MOFs,
promote the formation of frameworks that have highly dispersed
metal ions and clusters.®! Further, these ligands can be pre-
designed to afford additional coordination sites for metals.?!
These structural features can aid the formation of MOFs and
MOF-derived materials with very small and highly dispersed
nanoparticles, clusters, and even single atoms as catalytically
active sites. Hence, compared to other classes of porous
materials, MOF-based catalysts can offer higher activities that
are comparable to their homogeneous counterparts. For
example, Li et al recently reported that calcination of a Zn/Co
bimetallic MOF, which offers N-coordinated metal ions,
promotes the formation of a MOF-derived catalyst containing
individual Co-Ny active sites. This material’s performance is
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superior to commercially available Pt/C catalysts used in oxygen
reduction reaction.®! Further, Beller et al showed that the
calcination of a Co-1,4-diazabicyclo[2.2.2]octane (DABCO)-
terephthalic acid (TPA) MOF provides an efficient catalyst for the
general synthesis of a large variety of amines under industrially
viable and scalable conditions.® These successful studies have
sparked our interest in screening MOF-derived catalysts for
activity in the reduction of nitroarenes to anilines.

Transition-metal  compounds, such as chalcogenides,
phosphides and carbides have received much attention during
the past few years because of their robust stability, corrosion
resistance, high melting points, good mechanical properties and
low cost.l Among them, cobalt phosphides (CoxP) have already
found applicability in electrocatalysis. Several CoxP-based
materials are shown to be highly active, stable and cost effective
options for hydrogen evolution, oxygen evolution and water
splitting reactions.® While these materials have exhibited
impressive performance in electrocatalysis, to the best of our
knowledge, there is no report using CoxP for the hydrogenation
of nitroarenes to anilines. In this work, a simply pyrolysis of ZIF-
67 MOF nanocubes combined with red phosphorous precursor,
is shown to promote the formation of Co,P/CNx composite.
Gratifyingly, the resulting novel Co,P/CNx nanocubes show
excellent activity and selectivity for selective hydrogenation of
nitroarenes to anilines. This reaction is found to take place at
significantly lower temperatures (60 °C) when compared to other
Co and Fe-based catalysts (>110 °C);® this implies that the
phosphide has very high activity for this hydrogenation reaction.
Further, this material is significantly cheaper than commercially
employed Pd-based materials,’® making it a viable selection for
this and other hydrogenation reactions.
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Scheme 1. Graphical presentation for the synthesis of Co2P/CNx nanocubes.

The preparation process of Co,P/CNyx nanocubes is displayed
in Scheme 1. Firstly, with the help of a capping agent,
cetyltrimethylammonium bromide (CTAB), uniform ZIF-67
nanocubes are prepared. The adsorption of CTAB on the
hydrophobic surfaces slows the growth rate of the crystal facets
and hence promotes uniform nanocube formation.' After
mixing the as-prepared ZIF-67 nanocubes with red phosphorus,
a simple calcination treatment yields a porous Co,P/CNy
composite. Compared to previous methods for the preparation of
CozP, such as the treatment of trioctylphosphine at elevated
temperature (ca. 300 °C) in high-boiling organic solvents,!? the
method developed here is simple and convenient. Further, this
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Figure 1. Bright-field TEM images of the ZIF-67 (a) and Co2P/CNx nanocubes (b). SEM images are shown in the inset (scale bar, 500 nm). Selected area electron
diffraction pattern of Co2P/CNx nanocubes along with simulated diffraction pattern of Co2P (c). HAADF-STEM image of a Co02P/CNx nanocube (d) and
corresponding EDX elemental maps of Co (e), P (f), C (g), N (h). HAADF-STEM image of Co2P nanoparticles (i) and corresponding EDX elemental maps of Co (j),
P (k). STEM-EDX line scan profile (I) of Co and P elements across a single Co2P nanoparticle that is marked in image (i).

method yields a homogeneous Co,P phase, all while avoiding
the formation of toxic PHs, which occurs when using NaH2PO;
as the phosphorus source.*3

The morphology of the materials acquired in each step was
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). From the TEM and
SEM images (Figures 1a and S1), it was found that the prepared
ZIF-67 cubes had smooth surfaces and an average size of ca.
400 nm. The X-ray diffraction (XRD) pattern of ZIF-67 cubes
matched well with the simulated pattern of ZIF-67 (Figure S2).
Next, the Co,P/CNx composite was prepared through a
phosphorization step using red phosphorus as the phosphorus
source. TEM and SEM images displayed that the cube
morphology was well maintained with an average size of ca. 260
nm post calcination (Figures 1b and S3). The size shrinkage is
ascribed to the thermal treatment during the phosphorization
process. Meanwhile, TEM revealed many small nanoparticles
with an average size of ~5 nm embedded in the resulting
composite (Figures S3c-3d). The XRD pattern of Co,P/CNx was
consistent with the simulated pattern of CoP, indicating the
successful formation of Co,P phase (Figure S4b). The observed
peak broadening in the diffraction pattern is due to the formation
of small Co,P nanoparticles. Further, reciprocal plane spacing,
determined via the selected area electron diffraction pattern

(SAEDP, Figure 1c) and the fast Fourier transform (FFT, Figure
S5) of the high-resolution TEM (HR-TEM) images, fitted well with
the predicted spacing of the Co,P structure.

Thermal treatment of the ZIF nanocubes under varying
conditions was also explored, and it was discovered that Co,P
was formed at temperatures between 700 and 900 °C (Figures
S4a and S4c). High-angle annular dark-field scanning TEM
(HAADF-STEM) imaging coupled with energy dispersive X-ray
spectroscopy (STEM-EDX) displayed that the formed Co.P
nanoparticles were uniformly distributed throughout the
nanocube matrix (Figures 1d-1f). Further, it is noted that C and
N are also uniformly distributed throughout the nanocubes
(Figures 1g-1h and S6). The presence of oxygen species results
from adsorbed atmospheric oxygen and, hence slight surface
oxidation of the particles during the preparation process. The
STEM-EDX line scan profiles, measured across a single
nanoparticle, reveals that P is distributed uniformly inside the
Co2P nanoparticles with the expected Co:P ratio of =2:1 atom%,
which is consistent with the expected chemical formula of Co.P
(Figures 1i-1l). Given its ease of diffusion, trace amounts of P
could also be distributed inside the carbon matrix. It should be
noted that without the introduction of red phosphorus, the
formation of metallic cobalt nanoparticles was instead observed
in the doped carbon matrix (Figure S7).
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To further explore the species of the Co,P/CNx nanocubes, X-
ray photoelectron spectroscopy (XPS) was adopted to further
characterize the element species of the Co,P/CNyx nanocubes.
XPS analysis revealed that the Co,P/CNy composites consisted
of C, O, N, P and Co with atomic ratio of 67.91, 7.03, 7.53, 7.22
and 10.32 atom%, corresponding to 32.60 wt% of Co. As a
surface characterization method, XPS results matched well with
the ICP-OES result, which showed 33.40 wt% Co after digestion
of the bulk catalyst. Considering that there are similarities in the
Co concentration seen in the XPS, which is surface sensitive,
and the ICP-OES, which probes the bulk, this indicates that the
Co,P nanoparticles are indeed distributed uniformly throughout
the composite rather than only on the surface. Analysis of the
XPS data shows three peaks, with binding energies equal to
402.1, 400.8 and 398.8 eV, which are indicative of quaternary
nitrogen, pyridine nitrogen and pyrrole nitrogen, respectively
(Figure 2b). This result is in agreement with those of other
carbonized ZIF structures using 2-methylimidazole (2-MelM) as
an organic linker.') High-resolution XPS data also revealed
ionized cobalt in the Co,P/CNx nanocubes (Figure 2c). The
binding energy of reduced Co located at 778.6 eV,
corresponding to Co 2ps;, spin orbit peak that is higher than
metallic Co (777.6 eV) and lower than Co?* (780.1 eV); this
implies there is a reduced valence state of Co between 0 and 2
(Co®*, 0 < & < 2) compared to the original ZIF-67.1* The binding
energy of phosphorus in Co,P/CNy located at 129.7 eV, is lower
than elemental phosphorus (130.1 eV), implying a partially
negative charge (P%, -1 < & < 0, Figure 2d).'1 Meanwhile, a
peak located at 133.0 eV represents some partially oxidized
phosphate species, which likely forms from air exposure during
the preparation process.!]
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Figure 2. Full spectrum (a) and high-resolution XPS spectra of N 1s (b), Co 2p
(c) and P 2p (d) of Co2P/CNx nanocubes prepared at 800 °C.

The porosity of Co,P/CNx was probed via N, adsorption
measurements taken at 77 K. Before pyrolysis, the ZIF-67
nanocubes display a typical type-l curve, indicative of
micropores as expected from the ZIF-67 structure (Figure S8).
However, the calcined Co,P/CNyx nanocubes show a typical
type-1V isotherm with a distinct hysteresis loop after calcination,
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indicative of newly formed mesopores in the Co,P/CNy
composite (Figure S9a). Meanwhile, the BET surface area
decreases from 1648 to 383 m? g from the ZIF to the composite,
respectively. The decreased surface area results from the
collapse  of well-organized  micropores  upon ligand
decomposition and cobalt reduction during the pyrolysis
treatment. Further, the pore size distribution, obtained using the
Horvath-Kawazoe (HK) method for micropores and Barrett-
Joyner-Halenda (BJH) method for mesopores, indicates that
Co,P/CNy has 0.4-1.6 nm micropores with a typical diameter
centered at ~0.6 nm and irregular mesopores in the range of 2-
19 nm (Figure S9b-9c). A Raman spectrum of Co,P/CNy, used
to determine that Ip/lg is equal to 0.99, reveals the coexistence
of both defects and sp?-bonded graphitic sheets in the nitrogen
doped carbon matrix (Figure S10).

Co-based catalysts have found wide applications in both
electrochemically and thermally driven catalysis.’® 8 For
example, Beller et al recently reported an interesting work using
a Co-MOF derived composite for the synthesis of a wide array of
amines.®®! Considering the importance of amines in the modern
chemical industry, we decided to explore the hydrogenation of
nitroarenes to anilines as a proof of concept application for the
new Co,P/CNy composite.

First, control experiments were developed to show that the
hydrogenation of nitroarenes to anilines could not be achieved
without a catalyst or in the presence of the original ZIF-67
structure (Table S1, entries 1-2). After pyrolysis, the ZIF-67
derived Co/CNx does catalyze this reaction; however, the
selectivity is found to be lower than the reactions carried out in
the presence of Co,P/CNy nanocubes (78% to 95%, Table S1,
entries 3-4). Further, efforts to optimize the pyrolysis
temperature reveal that Co,P/CNy prepared at 800 °C has
optimized activity when compared to the samples prepared at
700 °C or 900 °C (Table S1, entries 4-6). When the reaction time
is prolonged to 6 h, >99% nitrobenzene conversion with >99%
selectivity for aniline is obtained (Table S1, entry 7). While
further efforts were made to make the reaction conditions more
mild, through the use of less solvent (2 mL), a single solvent
(EtOH), and lower pressures (2.0 MPa Hj), none of these
reactions reached 99% conversion after 6 hours reaction time
(Table S1, entries 8-10). It should be noted that for the optimized
reaction conditions, a hot extraction experiment was conducted
at 1 hour, and no further nitrobenzene conversion occurred; this
confirms that the catalysis is indeed exclusively heterogeneous
in nature (Figure S11).

With the conditions optimized, the substrates scope was
extended to a series of other nitro compounds with different
functional groups (Table 1). It is shown that both electron
donating and electron withdrawing groups could provide the
desired aniline derivatives with high conversion and excellent
selectivity (entries 1-5) even though the electron-donating group
slightly slowed the catalytic reaction (entry 2). Moreover,
reaction with sterically hindered 1,3-dimethyl-2-nitrobenzene
achieved >99% conversion and >99% selectivity when the
reaction time was prolonged to 12 h (entry 6). The Pd-catalysts
that are currently employed in industry have several
disadvantages that are overcome with the use of the Co,P/CNx
composite developed here. For instance, often
hydrodehalogenation reactions occur when halogen substituted
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nitroarenes were employed as substrates in the presence of Pd-
catalysts;% when using Co,P/CN, nanocubes as the catalyst, all
chlorine, bromine and iodine substituted substrates, no matter
the position of the substituent group (located in the ortho-, meta-
or para- position), underwent hydrogenation with excellent
selectivity and no dehalogenation by-products were detected
(entries 7-10). Moreover, nitroarenes with strongly coordinating
functional groups such as cyano, quinoline N, or amino groups,
are known to poison Pd-catalysts through coordination with the
Pd active sites; however, these same substrates readily formed
the corresponding amino derivatives with high activity and
selectivity using Co,P/CNy (entries 11-13) as the catalyst.[?%

Table 1. Hydrogenation reactions of substituted nitroarenes with
Co,P/CN; as the catalyst.
Co;PICNy

[} = 1 =
R —® R
F H,, THF-H,0 Z

Entry Substrate Product t(h) Conv. (%P1 Sel. (%)
NO, NH;
1 r Cr 6 >99 99
2 Meo MeO 12 >99 >99

NO; NH3
3 \©/ \O/ 6 >99 >99
COOMe COOMe
4 6 >99 94
NO; NH,
COOMe COOMe
ND; NHJ
5 OY©/ oﬁ 6 >99 97
. @:"'01 @/\NH* 6 72 >99
12 >99 >99
NO, NH,
7 /©/ /©’ 6 >99 >99
cl cl
NO, NH;
8 @:{ C[t 6 >99 >99
1 |
NO, NHz
o 1Y 91 o se ous
Br Br
I NO; | NH;
10 \©’ \©’ 6 >99 >99
NO; NH;
NC NC
NO, NH,
_N N 6 20 99
12 X X 10 >99 99
H,N NO, HyN NH;
13 \Ej ©/ 6 >99 >99

[a] Unless otherwise mentioned, reaction conditions: subtrate (0.5 mmol),
C02P/CNx (10 mg), solvent (4 mL, Viz2o:Vrrr = 1:1), 5.0 MPa Hz, 60 °C, 6 h. [b]
Determined by GC using mesitylene as internal standard.
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In addition to facile separation from products, heterogeneous
catalysts, must offer stability and recyclability to achieve a true
cost advantage over their homogeneous counterparts. To
explore these characteristics, nitrobenzene was chosen as the
model substrate and the reaction time was shortened from 6 h to
1 h to test the stability. It was found that there is some activity
loss after 3 runs (Figure S12). While ICP-OES analysis showed
a slight decrease in the Co content in Co,P/CNy from 33.40 wt%
in the original sample to 29.47 wt% after cycle 5, the XRD
pattern of the recovered catalyst did not change when compared
to that of the fresh one (Figure S13). Furthermore, the
morphology was well maintained after 5 runs from the TEM and
SEM images (Figure S14). XPS analysis also confirms that the
nature of the Co, P, N, O, and C species didn’t change with
cycling (Figure S15). Thus, the slight activity loss is attributed to
a small amount of cobalt leaching during the reaction process
and also an unavoidable sample loss during the recycle
procedures. These problems could be alleviated through the
design of core-shell structures such as Co,P/CNx@meso-SiO,,
which might inhibit metal leaching, and/or through the synthesis
of magnetic Co,P composites, which could help to simplify the
catalyst recovery process.?!

In summary, this work reveals that a novel Co,P/CNy
composite can be easily prepared using red-phosphorous
infused ZIF-67 nanocubes as precursors. To date, many reports
are focused on developing new methods for the preparation of
cobalt phosphide-based materials, due to their strong
applicability in-electrocatalysis. As such, this discovery provides
a new, interesting platform for the development of nano-
structured Co,P. Additionally, the newly formed composite is
shown to have excellent activity, selectivity, stability, and
recyclability for the thermally driven hydrogenation of a variety of
nitroarenes to aniline and its derivatives. Given the newly
demonstrated catalytic activity combined with high efficiency, the
work presented here unveils the potential applicability of cobalt
phosphide-based materials in a variety of other traditional
catalytic processes.
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A novel Co,P/CN, composite can be easily prepared using red-phosphorous
infused ZIF-67 nanocubes as precursors. For the first time, the newly formed cobalt
phosphide composite is shown to have excellent activity, selectivity, stability, and
recyclability for the thermally driven hydrogenation of a variety of nitroarenes to
anilines.
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