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ABSTRACT: Nanocatalysts have very high catalytic activities
due to surface atoms with their unpaired spins. It is the
purpose of this paper to investigate the effect of magnetic fields
(MFs) on the arrangement of surface spins and their catalytic
activities. Pd nanoparticles supported on MIL-100(Cr) were
selected as catalysts for the reduction of 4-nitrophenol under
MFs. The result demonstrates that MFs can reduce the
reaction time from 2.6 to 1.4 min under 0.5 T. This study first
shows that the configuration of surface spins has an effect on
the catalytic activity, which can be regulated by a foreign MF.
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anocatalysis is becoming a strategic field of science

because of its unique charm in the condensation,’
hydrogenation,2 carbon—carbon coupling reaction,>* alcohol
oxidation,® reduction of 4-nitrophenol (4-NP),%” and so on.®
Currently, great efforts have been made in improving the
catalytic performance of nanocatalysts (NCs) with high
efficiency, specific selectivity, and good recyclability.”'® Great
successes have been achieved by tuning the size and shape of
NCs.""'* For example, Han et al. prepared Pd catalysts with
different particle sizes and found that reducing of the Pd
particle size led to an increase in the reactivity, selectivity, and
apparent activation energy.”> In addition, it was reported that
the high-index facets of Pt nanoparticles (NPs) can provide a
greater density of reactive sites than typical Pt NPs."*

Indeed, NPs with either small particle size or high-index
facets possess a large proportion of surface atoms with respect
to bulk counterparts. It was reported that when the size of the
NPs decreased from 10 to 1 nm, the surface atoms with a
serious shortage of coordination numbers increased from 20%
to 90%."> These surface atoms will contribute randomly
oriented uncompensated surface spins; if these spins can be
manipulated, the adsorption characteristics of the surface sites
can also be controlled, which would change the catalytic activity
of the NCs. Teranishi et al. reported that the g values of Pd NPs
with a mean diameter of 2.5 nm were about 2.0, implying the
paramagnetism of these Pd NPs, different from nonmagnetic
polarization in a bulk metallic state.'® Our group ever
systematically studied the influence of magnetic fields (MFs)
on the surface energy of Co;0, NPs.'” When the surface-spin
configuration of Co;O0, NPs changed from paramagnetic to
ferromagnetic, the energy of one (100) and two periodic slab
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model (111)#1 and (111)#2 surfaces varied from 1.849, 1.64S,
and 1.638 to 1.326, 1.429, and 1.447 ] m™2, respectively. It can
be seen that the spin arrangements from disordered to ordered
under the induction of MFs lead directly to variation of the
surface energy. We, therefore, suggest that variation of the
surface energy is able to change the adsorption of the reactants,
thus influencing the catalytic activity of NPs. MFs will be
developed as a tool to affect the chemical reaction rates if the
activity of NCs can be effectively regulated by MFs. Then we
can make a chemical reaction slow down or speed up by
altering the strength of the MF, which is highly valuable in the
chemical industry.

However, hitherto reports about the effect of MFs on the
catalytic activity of NCs remain rarely seen, and relevant
theoretical work is also scarce. Pd NPs are difficult to oxidize
and easily form small steady NPs with large numbers of surface
spins, which will be helpful for the study about the effect of
MFs on the catalytic activity of NCs. In this paper, liquid-phase
reduction of 4-NP to 4-aminophenol (4-AP) by NaBH, is
chosen as the model reaction system, and Pd NPs supported on
MIL-100(Cr)*® (MIL is the abbreviation of “Materials of
Institut Lavoisier”) were used as catalysts for this study.

The powder XRD patterns of MIL-100(Cr) (i) and Pd/MIL-
100(Cr) (ii) are shown (Figure S1 in the SI). Their XRD
patterns are almost identical, and no obvious Pd peaks can be
seen in Figure S1(ii) in the SI. Inductively coupled plasma
measurement shows that Pd loading is only 2.6%. Figure S2 in
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Figure 1. (a) TEM image of the Pd/MIL-100(Cr) sample and its corresponding particle size distribution. The size distribution is counted by the
software of particle size analysis according to the TEM image. (b) HRTEM image of the Pd/MIL-100(Cr) sample. (c) Dark-field STEM image of
the Pd/MIL-100(Cr) sample. (d) Corresponding elemental mapping with Pd in the red rectangle of part c. The white circles represent Pd NPs. (e)
EDX spectrum of the Pd/MIL-100(Cr) sample. (f) ESR spectrum of pure Pd NPs. Pure NPs are the samples before the introduction of MIL-

100(Cr).

the SI reveals typical scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the MIL-
100(Cr) sample. Especially, the SEM image (Figure S2a in the
SI) implies that the sample consisted of small octahedral
structures (the inset of Figure S2a in the SI), and the TEM
image (Figure S2c in the SI) reveals that a single MIL-100(Cr)
is nearly spherical with a diameter of about 1 ym. Because of its
micron-scale dimension, the surface effect of this material can
be neglected, which allows the surface effect of Pd NPs to be
carefully investigated without interference. From the TEM
image and its corresponding cumulative grain size distribution
(Figure 1a), it can be clearly seen that Pd NPs are highly
dispersed on MIL-100(Cr) structures, and their size distribu-
tions are determined to be 5.4 + 0.7 nm. The distribution of Pd
atoms in MIL-100(Cr) was further determined by high-angle
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annular dark-field scanning TEM (HAADF-STEM)—energy-
dispersive X-ray (EDX) spectroscopy. The high-resolution
TEM (HRTEM) image (Figure 1b) reveals that the lattice
spacing of 0.230 nm can be assigned to the (111) plane of Pd
NPs. Dark-field STEM (Figure 1c) and EDX mapping (Figure
1d) of Pd NPs further show the existence and distribution of
Pd NPs. In the EDX spectrum (Figure le), except the Cu
element from a Cu foil, the other elements including C, O, and
metal center Cr from the MIL-100(Cr) structure and the Pd
element can all be detected.

The catalytic performance of Pd/MIL-100(Cr) was charac-
terized using liquid-phase reduction of 4-NP to 4-AP by NaBH,
as a model reaction system. When Pd/MIL-100(Cr) NC was
added to the solution, the absorption of 4-NP at 400 nm
decreased along with a concomitant increase of the 300 nm
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Figure 2. Variation in UV—vis absorption spectra at 0.2 min intervals for 4-NP reduction reaction in Pd/MIL-100(Cr) NCs without (a) and with a
0.5 T MF (b). Plot of In(c,/c,) of 4-NP against time for Pd/MIL-100(Cr) NCs under different MF intensities from about 0, 0.2, 0.3, 0.4 to 0.5 T.
The relationship between the MFs and k values is shown in the bottom left corner with [4-NP] = 3 X 107 mol L™}, [NaBH,] = 3 X 107" mol L™,
and [Pd/MIL-100(Cr)] = 1 mg (c) and [4-NP] = 3 x 107> mol L™!, [NaBH,] = 6 X 107> mol L™!, and [Pd/MIL-100(Cr)] = 1 mg (d). (e) Time
for completion for the reaction (t.) reduced with an increase of the MF intensity from 0, 0.2, 0.3, 0.4 to 0.5 T.

peak of 4-AP, respectively (Figure 2a). The complete reduction
of 4-NP was achieved within 3 min over the catalysts of Pd/
MIL-100(Cr), while the reaction time was much shorter if a
MF was applied to the reaction system (Figures 2b and S3 in
the SI). From Figure S4 in the SI, it can be seen that the
catalytic rate was very fast at the initial period #,. The reduction
reaction could be reasonably assumed as a pseudo-first-order
reaction from f, with regard to 4-NP only. This pseudo-first-
order kinetics can be written as In(c,/c,) = —kt, where k is the
kinetic rate constant, ¢, and ¢, are the apparent and initial
concentrations of 4-NP, respectively, and t is the time of real-
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time reaction. A rapid and almost linear evolution can be
observed between t and In(c/cy). The values of kinetic rate
constant (k) can be calculated from the slope. The results also
show that t. (the time of completion for the reaction) is
gradually reduced from 2.6, 2.0, 1.8, 1.6 to 1.4 min with an
increase of the MF intensity from about 0, 0.2, 0.3, 0.4 to 0.5 T
(see Figure 2e). Significantly, the k value of the catalytic
reaction without a MF applied is calculated to be 1.08 min~’,
which is slightly lower than that under MFs (see the inset of
Figure 2c). As the intensity of the MF reached 0.5 T, the k
value was about 1.13 min~'. This indicates that MFs can
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Scheme 1. Schemes of (a) 4-NP Molecules Adsorbed at the Surface of MIL-100(Cr) and (b) 4-NP Reduction at the Surface of

Pd NPs without (i) and with (ii) MFs®
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“When an external MF was introduced, the spin arrangement changed from disordered (i) to ordered (ii) configuration, accompanied by increasing

adsorption of the reactant 4-NP and desorption of the product 4-AP.

improve the reduction rate of 4-NP and shorten its reduction
time. The k value (1.13 min™") is superior to many other metal-
based catalysts under ambient conditions [e.g, 0.3 min~" for
Au@Ag/ZIF-8,'® 0.33 min~! for Au/MIL-100(Fe),"* and 0.632
min~! for Pd NPs/CNT-220%°]. Next, we also performed
experiments with the concentration of NaBH, changed from 40
to 8 times. The reduction of 4-NP under different MF
intensities can be seen as above. As shown in Figure 2d, with an
increase of the MF intensity from about 0, 0.2, 0.3, 0.4 to 0.5 T,
t. gradually was reduced from 6.0, 5.6, 5.6, 5.6 to 4.4 min (see
Figure 2e). Significantly, the k value was calculated as 0.330
min~', which is slightly lower than the reaction carried out
under MFs (see the inset of Figure 2d). When the MF intensity
reached 0.5 T, the k value became 0.464 min~'. Here, the
enhancement effect of MFs on the reduction rate of 4-NP can
be well confirmed. According to Arrhenius’ equation, it was
calculated that the activation energy under 0.5 T was reduced
by 0.11 kJ mol™" relative to that without MFs applied (details
can be seen in the SI), implying that MFs favor the formation
of the transition state of 4-NP molecules on the surface of Pd
catalysts.

From the results shown above, one can clearly observe that
the catalytic activity of Pd/MIL-100(Cr) under a MF is higher
than that without a MF and gradually increased along with an
increase in the MF intensity. In Pd-supported MIL-100(Cr)
composite materials, the catalytic activity can be attributed to
the synergistic effect of Pd and MIL-100(Cr), similar to those
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reported in the literature.*”*” The mechanism may be

explained as follows: first, 4-NP molecules were adsorbed
onto mesoporous MIL-100(Cr) structures via n—m-stacking
interactions between the aromatic rings of 4-NP and the
organic ligands of MIL-100(Cr) and via interactions between
the hydroxyl groups of 4-NP and the Cr** metal center in the
framework. As shown in Scheme 1la, the adsorption of 4-NP
onto MIL-100(Cr) gives rise to a local high concentration of 4-
NP, which increases the contact probability of 4-NP molecules
on the surface of Pd NPs and thus enhances the catalytic
efficiency of 4-NP reduction. Then electron transfer takes place
from BH,” to Pd NPs and subsequently 4-NP molecules
adsorbed on Pd NPs take electrons (see Scheme 1b). In this
study, the size of the Pd NPs is about S nm. As seen in Figure
1f, the ESR spectrum of pure Pd NPs displays the main peak
near 337 mT. The ESR signal, with g = 1.92, is typical of
paramagnetic Pd NPs, which indicates that Pd NPs are
paramagnetic because of uncanceled surface spins. The
adsorption of 4-NP on the surface of Pd NPs is closely related
with the spin arrangement. When an external MF is introduced,
the surface spin configuration of Pd NPs will change from
paramagnetic to ferromagnetic.”> The change of the config-
uration would affect the adsorption of 4-NP on the surface of
Pd NPs, inevitably inducing changes of the adsorption number
of 4-NP molecules on the surface of the catalyst.

For understanding the effect of MFs on the catalytic activity,
theoretical calculations of the adsorption energy of 4-NP
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molecules on the surface of Pd NPs with a MF applied were
carried out (calculation details can be seen in the SI). The
(111) surface is chosen as the optimizing model based on
HRTEM results (see Figure 1b). In this condition, the
introduction of MFs into the model was simulated by using
the models with different configurations, one with a para-
magnetic-like configuration (Scheme S1 in the SI) and the
other with a ferromagnetic-like configuration (Scheme S1b in
the SI). In the absence of MFs, spins on the Pd surface arrange
in a disordered manner, corresponding to a paramagnetic-like
configuration and showing no spin-charge distribution (Figure
3a). However, when a MF is applied, the Pd atoms near the
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Figure 3. Total spin-polarized charge density of 4-NP adsorbed on the
Pd(111) surface without (a) and with (b) MFs. The blue region refers
to the isosurface value of 0.2 e A=%. Charge-density difference of 4-NP
adsorbed on the Pd(111) surface without (c) and with (d) MFs. The
isosurface value of the color region is 0.08 e A=, The yellow and blue
regions refer to positive and negative charge distributions, respectively.

(111) surface are magnetized and spins align parallel,
corresponding to a ferromagnetic-like configuration and
showing spin-charge distribution (Figure 3b). The method
had also been proven to be reasonable in our previous study.'”
Next, we optimized and calculated different structures and
adsorption energies of 4-NP on various adsorption sites of the
Pd(111) surface. Through three kinds of calculations
(calculation details can be seen in the SI), it can be concluded
that 4-NP molecules were adsorbed on the bridge site of the
Pd(111) surface via the O atoms in the nitro groups (see
Scheme Slab in the SI). This adsorption geometry is similar to
the structure of 4-NP adsorbed on the bimetallic dendrimer-
encapsulated NPs.** The charge-density difference of 4-NP
adsorbed on the surface of Pd NPs without and with MFs can
be seen in parts ¢ and d of Figure 3, respectively. The results
show that their difference is almost negligible. Also, the change
of the charge density only takes place in the region between the
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adsorbate and substrate, indicating that there is a contribution
from covalent binding during the adsorption process.

Table S1 in the SI shows the calculated energy of 4-NP
adsorbed on the surface of Pd NPs through the O atoms of the
nitro group on the bridge site with and without MFs. It can be
seen that both the energy of the clean Pd surface and the total
adsorption system were decreased under MFs (—177.52 and
—276.36 €V, respectively) compared to those without MFs
applied (—177.28 and —276.20 eV, respectively). The
calculation results show that MFs can effectively reduce the
total energy of the adsorption system. Furthermore, Raman
spectra (Figure SS in the SI) also show that NO, peaks at 1560,
1389, and 659 cm ™' under a 0.5 T MF (i) are slightly stronger
than those without a MF applied (i), implying that MFs can
increase the adsorption number of 4-NP molecules on the
surface of Pd catalysts. Interestingly, the adsorption energy
(AE,4) of the system with MFs (—0.33 eV) is a little higher
than that without MFs (—0.41 eV). However, AE_, in both
cases is very small, which indicates that this type of bonding is
rather weak. Therefore, the adsorption and desorption energy
of 4-NP molecules from the surface of the catalysts is not the
decisive factor for the reaction rate. In addition, the structure
and energy of 4-AP adsorbed on the Pd(111) surface were also
optimized and calculated (see Scheme S2 in the SI). The
optimized structure is similar to 4-NP adsorbed on the bridge
site of the Pd(111) surface illustrated in Scheme S1 in the SIL
The amino group is a little far away from the Pd surface
compared with the nitro group, with approximately 3 A. The
calculation shows that the adsorption energy of the amino
group (—0.170 and —0.159 eV performed without and with
MFs, respectively) is also weaker than that of the nitro group,
indicating that the adsorption/desorption energy of the product
(4-AP) should not be a determining factor. It is therefore
suggested that the reaction rate is determined by the adsorption
number of 4-NP molecules.

Preparing NCs with smaller sizes and high-index facets is the
general way to make further improvements to the catalytic
performance. However, when these NCs have been prepared,
their activity will remain constant or decrease with time. Here,
it is found that the catalytic activity of Pd NCs can be effectively
improved by magnetization of their surface spins. As we know,
all NPs usually have plenty of surface spins, and the spins are
canted or disordered. For example, the surface spin of Co NPs
with diameters of 1.6 nm can account for 60% of the total
spins.”® Under the induction of MFs, these spin arrangements
can change from disordered to ordered; accordingly, the
catalytic performance of NPs will be responsive to this change,
such as showing a catalytic activity that can be switched on and
off when the intensity of the MF is changed. Then, a chemical
reaction catalyzed by certain NPs can be induced or sped up by
altering the strength of an applied MF, which is highly valuable
in the chemical industry. In addition, it is expected that an
increase in the MF intensity (>0.5 T) may further lower the
activation energy, leading to more types of NPs as catalysts, and
the catalyzed reaction proceeds at a quicker rate.

The effect of MFs on the reduction of 4-NP using Pd/MIL-
100(Cr) as catalysts was studied systemically. The experimental
results show that MFs can increase the reaction rate (1.13
min~') and decrease the activation energy. The theoretical
results demonstrate that the surface spin configuration of Pd
NPs changing from paramagnetic to ferromagnetic as induced
by MFs would decrease the energy of the total adsorption
system, favorable for the adsorption number of 4-NP molecules
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onto the surface of the catalysts. It is hopeful that the study can
help us gain a better understanding of the change of the surface
spin arrangement of the NC under MFs and provide guidance
for the development of external MFs as a tool for regulating the
activities of NCs.
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Experimental section, sample characterization methods, and
details of theoretical calculations, XRD, SEM, and UV-—vis
spectra, Raman data, and a video of the actual process of 4-NP
reduction. This material is available free of charge via the
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