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This work examines the origin of the abnormal magnetism exhibited by CuMnFe-PBAs modified with multi-walled
carbon nanotubes (MWCNTs). The system of CuMnFe-PBAs@MWCNTSs coexists with both large and small clusters.
CuMnFe-PBAs clusters have an average particle size of 28 nm, and some of the smaller particles are adsorbed on the surface
of MWCNTSs. Surprisingly, the magnitude of magnetization increases linearly with decreasing temperature. When above
the Curie temperature, the magnitude of magnetization is significantly greater than that of PBAs without being modified.
This phenomenon can be attributed to magnetostatic interactions between ultra-fine magnetic nanoparticles adsorbed on the
surface of MWCNTs. Using the Monte Carlo method, we simulated the magnetostatic interaction of cylindrical adsorbed
particles, and the simulation results are almost identical to those observed experimentally. The results indicate that 0.089
CuMnFe-PBAs clusters per 1 nm? can be adsorbed onto the surface area of MWCNTs. We demonstrate that MWCNTSs
adsorbing magnetic particles exhibit magnetic behavior, and suggest a method for producing ultrafine materials. It also
introduces a new method of calculating the adsorption efficiency of carbon nanotubes, offering theoretical guidance for
future research on nanomaterials with enhanced adsorption efficiency.
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1. Introduction

Multi-walled carbon nanotube (MWCNT) possesses a
number of unique properties!'™ such as low density, high
specific surface area, high tensile strength, high adsorption ca-
pacity, and high electrical conductivity. Via pairing and off-
setting electrons,>%! a zero moment is created, thus result-
ing in diamagnetism. MWCNTs have been the subject of
numerous reports in recent years. Likodimos et al. studied
the magnetic properties of MWCNTSs, ! discovering an in-
crease in diamagnetic susceptibility at low temperatures, and
it is confirmed that there is an optical Aharonov—Bohm (AB)
effect in the quantum ring of MWCNTs. Chang et al. pre-
sented a variety of magnetic resonance spectra of MWCNTs,
and attributed the magnetism of carbon nanotubes to coupling
between the free spins of dangling bonds, which also results
in weak ferromagnetism coupling.!®! Simultaneously, the im-
provements of properties have been verified in materials mod-
ified by MWCNTs. [%10]

Prussian blue analogues (PBAs) have a crystal structure
similar to that of metal-organic skeleton (MOF). Its struc-
ture is like NaCl, and two adjacent ions are connected by
one cyano. PBAs have long been applied in the fields of
electricity, magnetism, catalysis, efc.''2° However, a num-
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ber of disadvantages such as easy particle agglomeration,
low conductivity, easy structure collapse, and poor wettabil-
ity have been widely reported, which all result from low elec-
tron transport rate, poor cycle stability, and lower active center
utilization.?!! To overcome these defects, it is necessary to
handle PBAs with some special means, among which is com-
pounding with other substances.

Composite materials own the characteristic advantages of
their constituent materials and can sometimes exhibit comple-
mentary properties. Different materials modified with PBAs
and MWCNTs can exhibit significant improvements in their
properties, particularly in electrochemistry.??l Because of its
high stability and high ion load, it has been widely used in the
treatment and adsorption of heavy metals and nuclear wastes
and sensing devices. >3]

In this paper, we compare the magnetic proper-
ties of CuggsMng ge[Fe(CN)g] (CuMnFe-PBAs) modified
with multi-walled carbon nanotubes to those unmodified.
Mossbauer spectra are used to determine whether the modi-
fication of MWCNTs can affect the chemical properties and
coordination environment of PBAs. Also, Monte Carlo simu-
lations based on magnetostatic interactions are applied to in-

vestigate the magnetic mechanism.
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2. Methods
2.1. Synthesis of materials

The whole experimental preparation scheme is divided
into the control and experimental parts. CuMnFe-PBA with-
out MWCNTs is the control group (CG-PBA), and CuMnFe-
PBA modified by MWCNTs is the experimental group (EG—
PBA).

2.1.1. The control group

The mixture solution of 100-mL K3Fe(CN)g (16 mmol),
200 mL CuSO4 (6.84 mmol), and MnSO4 (9.06 mmol) was
treated by sonicating for 6 hours and standing overnight. The
supernatant was removed, and the sediment was filtered to ob-
tain a light brown precipitate. The precipitation was washed
with 0.1-mol/L HCI, rinsed with clean water, and washed
again with 0.1-mol/L NaOH until the yellowish precipitation
was removed entirely. Finally, the precipitation filtrate was
rinsed several times with HCl (pH = 2) and water, followed
by the air dry for several hours at room temperature.

2.1.2. The experimental group

To begin, the MWCNTs are purified and opened using
concentrated sulfuric acid, and experience the following steps:

(i) 0.4-g unpurified MWCNTs were placed in a small
beaker containing 400-ml H,SO4 (1:3) solution and treated
with ultrasound at 50 °C for six hours.

(i1) The black suspension was diluted with 100 ml of
deionized water and left overnight to precipitate.

(iii) The suspension is diluted and filtered again with
deionized water after removing the supernatant.

(iv) The precipitate was washed with 0.1-mol/L NaOH
solution twice to remove impurity fragments.

(v) HCl with the concentration of 0.1 mol/L was used to
wash the precipitate until the filtrate is neutral.

(vi) The precipitation was dried at 120 °C for 4 hours.

After pretreatment and purification, 83-mg MWCNTs
were added to a solution of 3.7-mmol CuSQOy4 (0.0128 mol/L,
290 mL) and 4.7-mmol MnSOy4 (0.0162 mol/L, 290 mL) for a
6-hour ultrasonic treatment, and the precipitate was obtained
98.775-mg KsFe(CN)g solution (0.03 mol/L,
10 mL) was added to the precipitate and left for one night

by filtration.

to ensure a complete reaction. The light brown precipitate
CuMnFe-PBAs@MWCNTs were obtained by filtration, fol-
lowed by the repeated wash with 0.01-mol/L HCl, water, and
0.01-mol/L NaOH solution until the light yellow disappears.
Then the obtained sample was filtered and washed with HCI
(pH = 2) and water, and conducted air dry for several hours at
room temperature. Finally, Cug g4Mng gg[Fe(CN)g] @MWC-

NTs were obtained as the target product.

2.2. Measurement method
2.2.1. X-ray diffraction

X-ray diffraction (XRD) uses Siemens D500 Cu Kot (A =
1.5418 A) diffractometer at a rate of 0.02°/s within the range
of 20° to 80°. The obtained data were processed with MDI
Jade 9.0 software.

2.2.2. Maéssbauer spectrum

The transmission >'Fe Mossbauer spectrum were col-
lected at room temperature (RT) on SEE Co W304 Méssbauer
spectrometer with a >’Co/Rh source in transmission geometry
equipped in a cryostat (Advanced Research Systems, Inc.,4K).
The data results were handled with M6ssWinn 4.0 software to
fit parameters such as isomer shifts (ISs), quadrupole splitting

(QS), etc.

2.2.3. Magnetic measurements

The M versus H is measured under an external magnetic
field ranging from —7 T to 7 T at the temperature of 5 K.
The measurement of magnetization dependent on temperature
from 5 K to 300 K is made at an external magnetic field of
100 Oe (1 Oe = 79.5775 A-m™1).

3. Results and discussion
3.1. Elemental and component analysis

The results of EG-PBA indicate the elemental compo-
sition (%) is C: 16.83, N: 19.33, and H: 3.23, and that (%)
of CG-PBA is C: 60.31, N: 4.09, and H: 2.256. That is to
say, n(H,O):n(CuMnFe—-PBAs) equals 7.90:1. The rate of
MWCNTs and CuMnFe-PBAs can be inferred using extrap-
olation of the C/N ratio from elemental analysis. It is cal-
culated that n(MWCNTSs) = n(CuMnFe — PBAs) = 97.29:1
and n(H,0) = n(CuMnFe — PBAs) = 23.16:1, which can be
used to calculate the molar magnetic susceptibility. It is worth
noting that the increased water molecule content could be
explained by water molecules being accommodated within
the interlaced spaces between MWCNTSs, thus forming wa-
ter molecular films on their surfaces. The result of x-ray flu-
orescence spectrometry indicates that the radioactivity of the
control group and experimental group metal elements (Fe, Mn,
and Cu) are 0.636:0.853:1.024 and 0.642:0.861:0.997, respec-
tively. Chemical formulas of Cug g4Mng gg[Fe(CN)g]-6.9H,O
and Cug g4Mng g6[Fe(CN)g] @97.3C-23.2H,0O for CG-PBA
and EG-PBA, respectively are also inferred from it.

3.2. X-ray diffraction and scanning electron microscopy
The XRD spectrum of EG-PBA and CG-PBA is shown
in Fig. 1(a). Based on the standard PDF cards installed on Jade
9.0 software, both samples are face-centered cubic structures
belonging to the Fm-3m space group. The XRD results of
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the experimental group are consistent with expectations. The
absence of diffraction peak separation in the CuMnFe-PBAs
phase demonstrates that each phase of the sample is mainly
composed of one single component. The lattice constant of
EG-PBA and CG-PBA are 10.12305 A and 10.132145 A re-
spectively. In addition, the marked MWCNTs phase can be
observed, indicating that the synthetic result of the sample is
satisfactory.

Figure 1(b) exhibits the TEM of EG-PBA. It shows that
the PBA clusters are loaded onto the surface of the MWCNT,
indicating that the adsorption of PBAs by MWCNTSs was suc-
cessfully achieved. MWCNTs have a diameter of 6 nm-—
10 nm, and the thickness of CuMnFe—PBAs adsorbed on their
surface is approximately 1-2 times longer than their diame-
ters. MWCNTs are textured at the hundred-nanometer scale
of TEM, and some large CuMnFe-PBAs clusters in the EG-
PBA system are bound by the texture of MWCNTs. It is un-
likely to rule out the possibility that clusters are formed by
the shedding of the surface of MWCNTs or are deposited by
the texture of MWCNTs binding. Also, we quantify the di-
mensions of the large CuMnFe—PBAs clusters in the EG-PBA
system as illustrated in Fig. 1(c). The particle size was cal-
culated using Nano Measurer software. The size statistics of
large CuMnFe—PBA clusters follow a logarithmic normal dis-
tribution with parameters of o = 0.446, 1 = 3.265, and the
mean diameter is ~ 28.9 nm.
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Fig. 1. The characterization results of CuMnFe-PBAs modified with MWC-
NTs. (a) The x-ray diffraction spectra of EG-PBA and CG-PBA. (b) Trans-
mission electron microscope (TEM) micrograph of EG-PBA, where red cir-
cles display the morphology and the blue circle shows the morphology with
no or fewer PBAs adsorbed by MWCNTS. (c) The size distribution of some
free CuMnFe-PBAs clusters in EG-PBA.

3.3. Méssbauer spectrum

Mossbauer spectroscopy is a useful tool for investigating
magnetic orders, ambient interactions, and surrounding con-
ditions of Mdssbauer nuclei. Our objective here is to study

the chemical properties of Prussian blue analogs before and
after being modified by MWCNTs with the help of Mossbauer
spectroscopy. Figure 2 shows the Mdssbauer spectra fitting re-
sult. The parameters obtained through fitting are listed in Ta-
ble 1. According to the fitting results of the Mssbauer spectra,
the system contains two coordination environments around Fe
nuclei, so a singlet and a doublet appear concurrently in the
analysis. In general, the doublet is caused by low-spin Fe!l!
(S = 1/2) with two antiparallel electron spins and isolated
spin orientations in #p, orbits, thus resulting in an asymmet-
ric crystal field. Isolated electrons generate an electric field

gradient which prevents the Fe!l!

nucleus from having a spher-
ically symmetric charge distribution, so a non-zero quadrupole
splitting (QS) appears. When the Fel low-spin atoms are in
symmetrical octahedral-CN—coordination spheres, electrons
are paired in 15, orbits with no electric field gradient, so the
QS is zero and appears a singlet. The coexistence of sin-
glet and doublet observed here is due to charge transfer be-
tween Cull/Mn! and Fe'! via cyanide bridging. When elec-
trons transfer to Fe!ll, the origin ions turn into Fe!l. The ra-
dio of singlet and doublet is 13.9% and 86.1% in CG-PBA,
and 12.4% and 87.6% in EG-PBA, respectively. The areas of
singlet and doublet remained basically unchanged following
MWCNT modification. This indicates that the charge trans-
fer phenomenon originates from the CuMnFe-PBAs system
itself, and the modification of MWCNTSs fails to affect it di-
rectly. It is worth noting that the QS of doublet of EG-PBA
is greater than that of CG-PBA, which is attributed to the
size effect,?*! i.e., CuMnFe—-PBAs@MWCNTSs have a higher
surface-to-volume ratio, resulting in a greater lattice strain and
electric field gradient. It is consistent with the TEM character-
ization results above. The value of isomer shift (IS) reflects the
density of s-orbit electron clouds around Fe nuclei. MWCNTs
did not undergo significant changes in their chemical environ-
ment or properties in the course of modification as evidenced
by their little-changed value of IS. In this regard, PBAs modi-
fied by MWCNTs can hardly undergo changes in their chemi-
cal properties.
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Fig. 2. The Mossbauer spectra of CuMnFe-PBA@MWCNTs and

CuMnFe-PBAs.
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Table 1. The Mossbauer spectra parameters of EG-PBA and CG-PBA.

Sample IS (mm/s) QS (mm/s) Area (%)
Singlet —0.31 - 12.4
EG-PBA  poiblet  —0.26 0.58 87.6
Singlet  —0.26 - 13.9
CG-PBA  hoblet  —028 047 86.1

3.4. Magnetic measurements

Figure 3 presents the magnetic behavior of EG-PBA and
CG-PBA. The magnetization curve of CG-PBA exhibits sig-
nificant magnetic hysteresis, and the coercivity is approxi-
mately 0.8 kOe as illustrated in Fig. 3(a). The magnetization
curve of EG-PBA exhibits a slight positive transverse axis
shift, which may be due to the exchange bias effect caused
by the compensated antiferromagnetic spin on the surface of
CuMnFe-PBAs.[>] It is worth noting that when CuMnFe—
PBAs are modified by MWCNTs, their coercivity decreases
significantly in comparison with CG-PBA. Meanwhile, the
magnetization of EG-PBA exhibits a slight response to ap-
plied magnetic fields. They do not reach saturation when sub-
jected to a strong field. The magnetization curves of CG—
PBA exhibit an approximately linear relationship, which is
the characteristic of antiferromagnetism. However, under a
high field, the magnetization of EG-PBA is nonlinear, and the
magnetization curve resembles to be a paramagnetic behavior.
The magnetization curve can be described using the famous
Langevin function (Fig. 3(a), red line).

M :coth(“effH> ks T (1)

Ms kT ) peteH'

where the saturation magnetization is denoted by Mg, H is the
external magnetic field, kg denotes the Boltzmann constant,
and p¢ represents the effective magnetic moment. The exper-
imental data are consistent with the theoretical value, indicat-
ing that the system exhibits superparamagnetic behavior. Due
to the small radius of MWCNTSs (rywents ~ 8 nm), PBAs will
be adsorbed on their surface, significantly reducing the parti-
cle size of PBAs. Small clusters with no fixed magnetic orien-
tation are unconstrained by thermal perturbation, resulting in

T T T T T T

a superparamagnetic effect similar to paramagnetic behavior,
as illustrated in Fig. 4. When a magnetic nanoparticle attains
a superparamagnetic state, it undergoes a superparamagnetic
relaxation process, during which its magnetization direction
rapidly fluctuates rather than remaining fixed in one direction.
Thermal activation overcomes the magnetic anisotropy energy
barrier of a nanoparticle, causing it to become superparamag-
netically relaxed. The saturation magnetization and effective
magnetic moment are calculated as 4.06 ug and 5.20 up re-
spectively. The theoretical value of Ly is

Uetr = 2R
X \/1-Ske(Ske+1) + 0.86-Syin (Svn+ 1) +0.64-Scy (Scu+1),
)

where Spe = 1/2, Smn = 5/2, and Scy = 1/2. R denotes the
radio contribution of Fe'! to the total system (derived from
Mossbauer fitting result and equal to 0.88); the magnetic con-
tribution of the Fe!l system is close to zero. The pg is calcu-
lated to be 5.21 up, which agrees well with the result of the
Langevin function fitting. The magnetization versus temper-
ature is illustrated in Figs. 3(b) and 3(c). The magnetization
of EG-PBA decreases linearly with increasing temperature.
It has no discernible phase transition temperature above 5 K,
which is due to the size effect. Between 5 K and 20 K, magne-
tization rapidly decreases, but the decline slows after 20 K. De-
spite this, it does not attain the paramagnetic state and retains a
higher magnetization at higher temperatures; this phenomenon
is also observed in Refs. [26,27], and can be attributed to mag-
netostatic interaction Refs. [28—32]. In comparison, the mag-
netization of CG-PBA is clearly paramagnetic when T > T¢
and ferromagnetic when T < Tc. However, the Mossbauer
spectra results indicate that the charge distribution surrounding
the Fe nucleus did not change significantly before and after the
addition of MWCNTs, indicating that the exchange coupling
mechanism of the system remained unchanged. Magnetostatic
interaction is critical in this system for the magnetic properties
of EG-PBA.
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Fig. 3. The magnetization of CG-PBA and EG-PBA. (a) M versus H plot for CG-PBA and EG-PBA at 5 K. The inset shows in detail of the low field
behavior of M(H). The magnetizations at low and high temperatures for EG-PBA and CG-PBA are measured under an external field of 100 Oe. (b) The
magnetization of ferromagnetic behavior at low temperature. (c) The paramagnetic behavior at high temperature.
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Fig. 4. Diagram of magnetic moment orientation distribution of the small
clusters attached to MWCNTSs and that of free large clusters.

4. Theoretical calculation and Monte Carlo sim-
ulation

To shed light on the mechanism underlying the mag-
netic properties of CuMnFe-PBAs@MWCNTs in the param-
agnetic region, we developed a model of dipolar interaction
and ran Monte Carlo (MC) simulations. It can be assumed that
the CuMnFe-PBAs adsorbed on MWCNTSs are single domain
clusters. Magnetic ions in a single domain molecule all have
the same magnetic moment. As shown in Fig. 5, we created a
tubular space to fully simulate the spatial distribution of PBAs
adsorption on MWCNTSs. The diameter of one MWCNT dc¢
is set as 8 nm, and the average particle size dp is 1.5dc. The
particle size obeys logarithmic normal distribution, and let the
parameter s and Os as [s = In(dp), 05 = (/1) s (suppose
that the coefficient of variance of large CuMnFe-PBAs clus-
ters is the same as that of PBAs adsorbed on MWCNTS, i.e.,
/U = os/Us), where ¢ = 0.446, and u = 3.265 are calcu-
lated by the size distribution of large CuMnFe-PBAs clusters.
The generated size obeys lognormal distribution, i.e.,

In(v — ) }
V7G T A - Y
Pt 08) = exp |

where, v = 7/6d>, u, = 3us +1In(1/6).
space, the PBA clusters will be randomly distributed uni-

(3)
In the constrained

formly, and a large number of single domain clusters will be
adsorbed on the surface of MWCNT. Certain clusters, such as
the red ball in Fig. 5, may be unable to contact the surface of
MWCNTs.

The energy of the whole system can be composed of three
parts, the first energy term is the anisotropic energy Ea, i.e.,

2
__Kz<ll'z TL,) (4)

i

where K represents the anisotropic constant, n; donates the
random unit vector, p; is the magnetic moment vector and
|pil = MsVi. Herein, Ms is the saturation magnetization,
which is independent on temperature, V; is the volume of the i-
th particle. The second term is dipole—field interaction energy
Ey,

=Y pi-H, (5)

where H is the external field vector. This term shows the mag-
netization dependent on the external field, and the vary law is
obey the Langevin function, when the particle is the superpara-
magnetic particle. The third term is the dipole—dipole interac-
tion, which describes the origin of net magnetization, and the
dipole—dipole interact energy Ep is

ZZ i m 3(pi-rij) (1 mif) 7 ©)

5
i j#i rij rij

where L is the vacuum permeability, r;; is a distance vector
joining the centers between the i-th and j-th clusters. The total
energy E of the system is the superposition of the above three
energies, i.e.,

E =Er+Ep+Ey. @)

We use the Monte Carlo method to simulate the magnetic be-
havior of the CuMnFe—PBAs cluster absorbed on the surface
of MWCNTs.
domain cluster randomly flips. The flip probability P is based

Under the thermal disturbance, each single-

on the Metropolis—Hasting criterion 3334

—AE

kel ®

In the process of Monte Carlo simulation, we randomly select
a particle, calculate its energy difference AE before and after
flippings and calculate the probability P. Then the » number
between O and 1 is randomly generated. We accept the flip if
r < P, accept the flip, conversely, reject the flip. The magneti-
zation M of the system is

5
=Y ©)
N=
The flipping of all particles at a time is called one Monte Carlo

steps (MCs).
sian adaptive sampling to increase the probability of flipping,

As in our previous work,** we used Gaus-

namely adjust the sampling angle 60 according to the accep-
tance rate of the flip in each MCs. At each step, a particle is
randomly selected and a new orientation is generated. On the
basis of the original orientation, the new orientation change is
less than the sampling angle §0. The energy difference be-
tween before and after flippings is then calculated, as well as
the flip probability P. Finally, the probability P is used to de-
termine whether or not to accept the sampling flip. We per-
formed 10° MCs at each temperature and discarded the first
10* MCs (as the number of iterations required for the system
to reach thermal equilibrium). Figure 6(a) shows the simula-
tion results. There is a linear relationship between magnetiza-
tion and temperature when L is less than 800 nm. However,
it appears as though the magnetization curves at L = 1000 nm
and L = 1200 nm are not linear, which could be explained by
the large distance between adjacent particles, weakening the
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interaction and similar paramagnetic behavior. Notably, we
discovered a curve in the simulation curve that is extremely
close to the experimental data, as illustrated in Fig. 6(b). There
are 500 CuMnFe-PBAs clusters adsorbed on MWCNTs with
a length of 700 nm in this example, corresponding to 0.089
CuMnFe-PBAs clusters per 1 nm x 1 nm area. At low tem-
peratures, the abrupt increase in magnetization is attributed to
the magnetic phase transition of CuMnFe-PBAs. The phase
transition temperature decreases with decreasing size due to
the finite size effect. The phase transition temperature in this
system will be less than 5 K. Once the temperature exceeds
5 K, only a small amount of magnetization contributes to this
system.

Fig. 5. The distribution space of CuMnFe-PBAs around the MWCNTs
surface, reticular structure is MWCNT, and the blue space is the loca-
tion of CuMnFe-PBAs clusters. When multiple particles are adsorbed
on the surface of MWCNTs at the same time, there are some squeezed
particles that can only be closely connected with neighboring particles,
but not with the surface of carbon nanotubes. The gray part represents
MWCNTs, blue balls are the CuMnFe—PBAs particles, and the red ball is
the squeezed particles.

1.0

0.8

—e— L =300 nm
0.61——L =500 nm
——L =700 nm

L =800 nm
0.44—+L=1000 nm
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Fig. 6. (a) Simulated temperature-dependent normalization magneti-
zation curve of CuMnFe-PBAs adsorbed on MWCNTSs with different
length L under magnetostatic interaction. (b) Comparison between the
magnetization of measured CuMnFe-PBAs and the simulation results.

5. Conclusion

In summary, this work compared the properties of
CuMnFe-PBAs and CuMnFe-PBAs@MWCNTs. CuMnFe—
PBAs@MWCNTs exhibit a very unique magnetism compared
to CuMnFe-PBAs, which is due to the size reduction (to
less than 20 nm) caused by MWCNT adsorption. Addition-
ally, we have determined the density of CuMnFe-PBAs ad-
sorbed on the surface of MWCNTSs using a magnetic simu-
lation of magnetostatic interaction. The results indicate that
0.089 CuMnFe-PBAs clusters per 1 nm x 1 nm can be ad-
sorbed onto the surface area of MWCNTs. This work provides
a compelling explanation for why magnetization increases lin-
early with decreasing temperature and provides a comprehen-
sive understanding of the adsorption mechanism of MWCNTs.
This method will be used in future work on the adsorption of
MWCNTs.
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