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Nitroaromatic hydrogenation catalysis without precious metals remains a longstanding challenge. The
rate of electron transfer is the crucial factor affecting hydrogenation catalysis. Herein, an ionic Cd-based
metal-organic framework (I-Cd-MOF) exhibiting a unique structure with one-dimensional (1D) open-
ing nanochannels and good electron transfer ability was synthesized for catalyzing hydrogenation of
4-nitrophenol (4-NP). The catalytic activity of the unique I-Cd-MOF without noble metals is detected,
which is higher than most reported noble metal catalysts. Remarkably, the reaction rate of I-Cd-MOF
(4.28 min!) is about 47.6 times higher than that of the Cd-based neutral MOF (N-Cd-MOF) with the
similar crystalline structure. Liquid chromatograph mass spectrometer (LC-MS) and theoretical results
demonstrate that 4-NP and five intermediates are stabilized in the channels of I-Cd-MOF, which increases
the possibility of contact with H* and H, generated at the Cd sites. The I-Cd-MOF was extended to
other nitroaromatic hydrogenation catalysis, which still displays excellent activity. More importantly, the
[-MOF@Filter membrane was successfully constructed for continuous hydrogenation catalytic reactions,
which maintains a high catalytic performance after 7 cycles of recycling without washing. This work fills
in the application of the I-MOFs in hydrogenation catalytic reactions and provides an effective way for

the rapid and green degradation of nitroaromatic compounds.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitroaromatic compounds are difficult to degrade in the natu-
ral environment, and they have been listed in the Environmental
Priority Control Pollutants List of the US Environmental Protection
Agency [1-5]. A certain amount of nitroaromatic compounds may
cause increased levels of methemoglobin in humans, leading to
blue spot disease and even severe neurological damage [6]. Among
them, 4-NP is one of the most harmful and representative. The
chemical reduction of 4-NP in wastewater not only benefits to en-
vironmental protection but also generates high-value products of
4-Aminophenol (4-AP) [7].

In the past decades, for catalyzing the reduction of 4-NP, the H,
or NaBH, as reducing agents are employed with precious metal-
loaded catalysts (such as Au, Pd, Pt, and Ag) have been reported,
showing excellent results [8-10]. Most of them are compounded
materials of precious metals and porous materials to reduce the
aggregation of precious metal nanoparticles [11-16]. For example, a
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Pd/O-CNT nanocomposite catalyst with good catalytic performance
(Kapp value is 1.07 min~!) was reported [17]. In the catalyst, the
crucial electron transfer contribution of CNT for capturing the elec-
trons in the catalysis reaction was demonstrated. However, contin-
uous nitroaromatic hydrogenation catalysis without noble metals
at room temperature remains a great challenge.

MOF is a periodic organic-inorganic hybrid material which
is self-assembled by metal ions (or metal clusters) and organic
ligands through coordination bonds [18]. Considering their high
porosity and chemical tunability, these materials have been inten-
sively investigated in applications such as adsorption [19-21] and
catalysis [22-25]. Nevertheless, a part of MOF's framework retains
residual charge during self-assembly to form ionic MOFs (I-MOFs),
which gives superior performance compared to neutral MOFs (N-
MOFs) [26]. Recently, the research on I-MOFs in adsorption [27-
29], drug delivery [30], sensing [31-33], and battery diaphragm
[34-37] has gradually increased, which is due to the unique pore
channel of I-MOF and electrostatic interaction between the ionic
framework and the guest of I-MOF [38]. However, the ability of
[-MOF to accelerate electron transfer is not yet well developed,
which is a crucial factor for catalytic activity. Therefore, I-MOFs
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Fig. 1. (a) The pore channel of I-Cd-MOF along the c axis. The simplified model of
the pore channel of I-Cd-MOF (b) along the c axis and (c) a axis, respectively. (d)
The pore channel of N-Cd-MOF along the a axis. The simplified model of the pore
channel of N-Cd-MOF (e) along the a axis and (f) c¢ axis, respectively. Pink: seven-
coordinated Cd atom; Yellow: six-coordinated Cd atom; Green: (CHs),NH,*; White:
HsL ligand; Red: oxygen atom; Blue: hydrogen atom.

are expected to replace precious metals in catalytic hydrogenation.
Herein, an I-Cd- MOF, {[(CH3),NH,*][Cd(L)]}n, with 1D opening
channels and high electron transfer ability was constructed for cat-
alyzing the chemical reduction of 4-NP and investigating the reac-
tion mechanism. The N-Cd-MOF, [Cd3(L);(H;0)4]n, with the similar
crystalline structure was synthesized as a contrast sample. Com-
pared with the N-Cd-MOF, I-Cd-MOF delivered a higher electron
transfer rate and 3.4 times higher hydrogen production. The I-Cd-
MOF showed a superior catalytic conversion ratio of 97.8% and
durability of 5 times catalysis cycles for the reduction of 4-NP. In
addition, I-Cd-MOF was constructed with nylon as an I-MOF@Filter
membrane for rapid continuous catalytic hydrogenation of 4-NP at
room temperature.

[-Cd-MOF and N-Cd-MOF were synthesized from (2-(3,5-
dicarboxyphenyl) nicotinic acid) (H3L) ligand and Cd(II) (Fig. S1 in
Supporting information). I-Cd-MOF crystallizes in the monoclinic
space group P2;/c. As shown in Fig. 1a, a Cd(Il) ion is coordinated
by four differently oriented L3~ ligands to be a 3D framework.
In the c axis, the 1D nanochannel with the size of 11.51 x 14.39 A
is formed. These nanochannels provide good mass transfer routes
for the catalytic reactions. The molecule-accessible void of 38.4%,
and filled with 9.2% of (CH3),NH,* guest ions obtained by Ther-
mogravimetric analyses (TGA) (Fig. S4 in Supporting information).
These (CH3),NH, "™ were obtained by hydrolysis and decarbonyla-
tion of DMF in the presence of water, and can be used as tem-
plates to lead to the formation of anionic frameworks. The 3D
framework of I-Cd-MOF is simplified as (4,4)-connected 4-c topol-
ogy with a point symbol of {42.63.8} (Figs. 1b and c). N-Cd-MOF
has the similar crystalline structure and the similar channel size to
[-Cd-MOF (Fig. 1d). However, the channel of N-Cd-MOF is occupied
by a six-coordinated Cds instead of (CH3);NH, ™", and the molecule-
accessible void of N-Cd-MOF is 20.8% after desolventization calcu-
lated by PLATON (Figs. 1e and f). Powder X-ray diffraction (PXRD)
data and TGA (performed under an N, atmosphere) data indicate
that I-Cd-MOF and N-Cd-MOF have good phase purity, good chem-
ical stability, and good thermal stability (Figs. S2-S4 in Supporting
information).

Motivated by the larger porosity and better stability, we pro-
ceeded to investigate the catalytic behaviors of two MOFs. The
catalysis performance for two MOFs toward the reaction of 4-NP to
4-AP was evaluated (Figs. 2a and b). As shown in Fig. 2c, I-Cd-MOF
only takes 1.5 mins to convert 4-NP to 4-AP with a conversion
ratio of 97.8%. As a comparison, the 12.4% conversion ratio for
N-Cd-MOF at 1.5 mins and only 0.15% for the blank sample are
observed. In this catalytic process, the reaction of 4-NP follows
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Fig. 2. (a) The reaction formula of the catalytic reaction (2 mL of 0.2 mol/L NaBHy,
0.2mL of 1.00 mmol/L 4-NP, and 0.1 mL of 0.2mg/mL catalyst). (b) The pictures of
the reaction of different catalysts. (c) Conversion of I-Cd-MOF, N-Cd-MOF, and blank
sample within 1.5min. (d) UV-vis absorption spectra of I-Cd-MOF for catalytic re-
duction of 4-NP. (e) Comparison of catalyst reaction rate and the amount of catalyst.

first-order kinetics [39]. The first-order rate constant Kapp for 4-NP
is calculated as: —Kapp t=1In(C¢/Cy)=1In(A¢/Ag), where A¢ and A
denote the absorbance at the given time and the initial time [40].
As shown in Fig. 2d, Fig. S6 (Supporting information), the Kapp
value of I-Cd-MOF is 4.28 min~!, which is about 47.6 times higher
than that of N-Cd-MOF (0.09 min~!). According to the literature,
[-Cd-MOF displays superior catalytic activity and durability, which
is even higher than most reported noble metal catalysts (Fig. 2e,
Figs. S8 and S9 in Supporting information) [41-50].

The two MOFs with similar structures show significantly dif-
ferent activities in the hydrogenation reaction, which attracts our
attention to explore the potential catalytic mechanism of anionic
skeletons. The rate of electron transfer is the crucial factor for de-
termining the reduction kinetics of 4-NP, which could be evalu-
ated by electrochemical impedance spectroscopy (EIS). The Nyquist
plots in Fig. 3a indicate that about 1/2 times smaller charge trans-
fer resistance (Rct) of I-Cd-MOF (64.02 2) than that of N-Cd-MOF
(116.07 2). The faster electron transfer rate contributes to the fast
catalysis of 4-NP [51,52]. Moreover, the electrochemical response
tests on catalysts, BH;~, and 4-NP by I-t curves are investigated for
evaluating electron transfer abilities [53]. The current responses for
[-Cd-MOF showed 2.7 times (NaBHy4), 3.1 times (4-NP) higher than
those of N-Cd-MOF. For I-Cd-MOF, the current responses of NaBH,
and 4-NP added separately are 5 times that of mixed before added.
Indicating that I-Cd-MOF acts as a bridge for electron transfer, the
electron transfer efficiency between I-Cd- MOF and the reactants is
higher than that of N-Cd-MOF (Fig. 3b). X-ray photoelectron spec-
troscopy (XPS) of two MOFs were studied in Fig. 3c and Fig. S9.
Among them, Cd 3d5j, of I-Cd-MOF decreases by 0.5eV more than
that of N-Cd-MOF (0.2 eV, as shown in Fig. S10 in Supporting in-
formation). Indicating that I-Cd-MOF is easy to accept electrons to
generate Cd-H for efficient catalysis [54]. The importance of I-Cd-
MOF as an electron transport bridge between NaBH4 and 4-NP was
demonstrated.

Furthermore, in Fig. 3d, two oxidation peaks at —0.8~-0.6V
and —-0.4~-0.3V are observed in the positive scan, representing
the species of H, (hydrogen), and H* (absorbed hydrogen), respec-
tively [55]. In Fig. S11 (Supporting information), the area of the en-
closed curve of the I-Cd-MOF is larger than that of N-Cd-MOF, de-
noting that I-Cd-MOF is more active than N-Cd-MOF. The intense
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Fig. 3. (a) EIS Nyquist plots of I-Cd-MOF and N-Cd-MOF, respectively. (b) I-t curves (at OV vs. open circuit potential) of I-Cd-MOF and N-Cd-MOF (Inset: The scheme of
1-Cd-MOF as the electron transport bridge). (c) The Cd 3d XPS of I-Cd-MOF before the reaction and at the end of the reaction. (d) CV curves of I-Cd-MOF. (e) Comparison of
hydrogen production of I-Cd-MOF and N-Cd-MOF. (f) The mechanism of catalytic reaction.

peaks of H, for I-Cd-MOF are in accordance with the strong leak-
ing of bubbles during the 4-NP catalytic reaction. Meanwhile, the
catalyst after the reaction turns from colorless to dark gray, verify-
ing that the hydrogen spillover occurs on the catalyst [56]. More-
over, the hydrogen production of I-Cd-MOF used in the catalytic
reaction is tested. As shown in Fig. 3e and Fig. S12 (Supporting
information), the hydrogen production of I-Cd-MOF catalyzed in 6
mins is 3.4 times higher than that of N-Cd-MOF, which is benefi-
cial to further obtain H* species and hydrogenation of polar func-
tional groups (such as nitro) [57,58]. After collecting the sample
at the 6™ minute, 4-NP was added to the system. The amount
of hydrogen in the system decreased in one minute immediately,
surprisingly when I-Cd-MOF is used as the catalyst, the hydro-
gen consumption is almost 9.7 times that of N-Cd-MOF. Those also
demonstrate the better catalytic activity of I-Cd-MOF in the reac-
tion. For exploring the catalytic universality of [-Cd-MOF towards
nitroaromatic hydrogenation reactions. The reactant nitroaromatics
were extended to 2,4-dinitrophenol (DNP), 4-nitroaniline (PNA), 3-
fluoro-4-nitrophenol (FNP), dodecyl 2-nitrophenyl ether (ETH 217),
etc., all of which display excellent catalytic activity (Fig. S13 in Sup-
porting information). The conversion ratios of 97.2%, >99.0%, 94.1%,
and >99.0% were observed, respectively.

Trapping reaction intermediates catalysts is difficult, especially
when doing so simultaneously [59-62]. Interestingly, owing to the
intense electrostatic interaction of ionic 3D skeletons for I-Cd-MOF
the effective trapping of reactants and 4-(dihydroxyamino) phe-
nol (I m/z (141+H"), m/z (141+Nat)), 4-nitrosophenol (Il m/z
1234+H™), 4-Hydroxyphenol (IV m/z 125), azobenzene compounds
and other intermediates (V m/z 232, VI m/z 215) were observed by
employing LC-MS (Figs. 4a-c). According to the literature [63,64]
and the LC-MS spectra, the reduction pathway is clearly revealed
in Fig. 4d: To form Cd-H, the metal active Cd centers in I-Cd-MOF
firstly accept H* produced by water and promoted by BH,~. After-
wards, the electrons of Cd-H are transferred to 4-NP, which pro-
motes the reaction process through the II, III, IV, V and VI in turn
to form 4-AP.

The density functional theory (DFT) was employed for the-
oretical calculations for studying catalytic reaction mechanisms.
The relative stability energy (AE) and dihedral angle () for MOF

with different intermediates (MOF@intermediate) are shown in
Figs. 4e and f and Fig. S15 (Supporting information). It is expected
that AE of the I-Cd-MOF@intermediates (47 kcal/mol, 67 kcal/mol,
47 kcal/mol, 42 kcal/mol, and 51 kcal/mol, respectively) are obvi-
ously higher than that of the N-Cd-MOF (33 kcal/mol, 59 kcal/mol,
41 kcal/mol, 32kcal/mol and 43kcal/mol, respectively). Demon-
strating that reactants and intermediates can be more stable in
the I-Cd-MOF channel, which increases the possibility of contact
with H* and H, generated at the Cd sites, thus increasing the re-
action rate. Notably, for I-Cd-MOF, the AE of MOF@II (67 kcal/mol)
is significantly higher than that of other MOF@intermediate
(Fig. 4e, Table S5 in Supporting information), which matches the
experimental results of LC-MS (Fig. S14 in Supporting information).

Above all, due to its unique anion skeletons, it has a faster elec-
tron transfer ability and higher catalytic hydrogen production abil-
ity, thus accelerating the reaction rate; In addition, the reactants
and intermediates can be stabilized in the anionic skeleton pores,
increasing their accessibility to H* and H,, which is produced by
the anionic skeleton’s Cd metals [65]. The synergistic action of the
anionic skeleton and the Cd active sites greatly improved the cat-
alytic ability of I-Cd-MOF, making it suitable as a catalyst for the
hydrogenation reduction of 4-NP (Fig. 3f).

[-Cd-MOF’s superb catalytic performance and durability stimu-
lated us to further investigate the industrial continuous catalysis
potentials. The 10 mg I-Cd-MOF crystals were deposited on the ny-
lon filter membrane with the thickness of 60 um. The I-MOF@Filter
membrane was assembled into a subatmospheric pressure suction
filtration device for continuous catalytic reaction of 4-NP to 4-AP
at room temperature (Fig. 5a). The PXRD results (Fig. 5b) show the
maintained good crystallinity of I-Cd-MOF on the filter membrane.
To our delight, the continuous catalysis of 4-NP for more than 7
times with a maintains high conversion ratio of 94.4% is observed
(Fig. 5¢). The PXRD patterns, SEM, and EDS mapping images for
recycled I-MOF@Filter membrane display the brilliant crystalline
structure, and surficial morphology, indicating the superb durabil-
ity and cycling ability of such a filter (Figs. 5d and e, S16). Ow-
ing to the simple and fast assembly method and excellent catalytic
performance, the I-MOF@Filter membrane shows promising com-
mercial values.
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In summary, a unique nanostructured anionic framework I-Cd-
MOF was synthesized and further assembled into the nylon filter
membrane for continuous catalysis nitroaromatic hydrogenation
reaction. I-Cd-MOF has open 1D nanochannels and (CH3),NH,*
balanced framework charge, which brings remarkable electron
transfer capacity and mass transfer capability. The high conver-
sion ratio of 97.8% based on 4-NP with high stability and recycling
ability is observed. The reactant substrate was further extended to
other nitroaromatics compounds, showing high-performance catal-
ysis universality. More importantly, the five reaction intermedi-
ates for this nitroaromatic hydrogenation reaction are successfully
trapped in the pores of the I-Cd-MOF, which greatly benefits re-
vealing the reaction process and plays a dominant role in boost-
ing the reaction kinetics. The I-Cd-MOF not only exhibits a bril-
liant structural design strategy of crystalline I-MOF catalyst but
also showed promising industrial continuous catalysis application
potentials. This work fills in the application of the I-MOF in hydro-
genation catalytic reaction, highlights the role of the anionic skele-
tons in catalytic hydrogenation activity, and provides an effective
way for the functional development of I-MOF.
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