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Abstract

Project Code: RSA5980014

Project Title: Advanced Functional Properties of Magnetic Bacterial Cellulose Composites
Investigator: Assoc. Prof. Supree Pinitsoontorn Khon Kaen University

E-mail Address: psupree@kku.ac.th

Project Period: 3 years

In this project, nanocellulose from bacteria has been synthesized. The obtained bacterial
cellulose (BC) showed a hydrogel characteristic in which the water could be evaporized by freeze-
drying or oven-drying. The BC membrane is highly crystalline, consisting of nanofibrils with
average diameter less than 100 nm in three-dimensional structure. The different kinds of
magnetic nanoparticles have been incorporated into the BC nanostructure. The fabricated
BC/nanoparticle composites were characterized with several techniques, such as TG/DTA, FTIR,
XRD, SAXS, UV-Vis, SEM, TEM, EDS, VSM.

The study showed that the BC composite with cobalt ferrite after oven drying showed the
highest saturation magnetization. On the other hand, the BC/Fe;0O, nanoparticle composites were
prepared by simply immersing BC in the ferrofluid solution. This simple method was proved to
maintained the structure of BC and sustained the homogeneous distribution of Fe30O,
nanoparticles. The strength was improved for the optimized nanoparticle concentration. The
magnetic BC showed good response with a static or an alternating magnetic field. Some portions
of BC composites were pyrolyzed to change the cellulose nanofibers into carbon nanofiber. The
composites of carbon nanofiber (CNF) and magnetic nanoparticles were achieved.

The other section of this project studied the fabrication of white magnetic paper from BC
nanocomposites. By synthesizing ZnO nanoparticles in the structure of BC, and then sandwiched
with magnetic BC paper, the white magnetic paper was successfully obtained. The whiteness of
over 80% was observed. The excellent tensile and tearing strength of the white magnetic paper
from BC was measured. In addition, the paper showed a good response with an applied field.

Lastly, the (Co,_,Fe,Pt) magnetic nanoparticles were synthesized by a polyol method,
with the average particle size of 2-3 nm. After annealing, the desired phase was obtained but
the particle size increased significantly. The ratio of Co:Fe had a strong effect on magnetic
properties. The highest magnetization was obtained at x = 0.50 but the highest coercivity was
found at x = 0 or 1. the final single phase. After

Keywords: bacterial cellulose; composite; nanoparticle; magnetic property; functional material;
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TEM ' CoPt NPs As-synthesized

TEM images of CoPt NCs after
annealing treatment at 350 °C (a), 400
°C (b), 450 °C (¢), 500 °C (d)
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Development of WO3 Nanostructure by Acid Treatment and Annealing

T. Sanasi?, S. Pinitsoontorn®”™ , M. Horprathum?, P. Eiamchai?,
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Abstract

Tungsten oxide (WQOs) nanostructure is an interesting material for many applications such as
batteries, gas sensors, photocatalysts, display utilizing, and smart windows. In this work, we fabricated
the WO3 nanoplates by sputtering, acid treatment and annealing. Firstly, a tungsten film was deposited
on a silicon or glass substrate by sputtering. The film was then immersed in nitric acid (HNO3) at 80°C.
The effect of the exposure time, and annealing temperature was investigated. After the acid treatment,
the tungsten oxide hydrate or tungstile (WO3-H20) with nanoplate structure was developed. The optical
transmittance in the visible range was significantly improved compared to the continuous tungsten film.
The size of the nanoplate was found to increase with increasing the immersion time. The tungsten oxide
hydrate nanoplates transformed into WOs; after annealing at > 200°C. Increasing annealing temperature
resulted in the decreasing size of the nanoplates. The shape of the nanoplates became more of the
rectangular shape with annealing. The optical transmittance of the WOs film increased with the

annealing temperature up to 400°C.

Keywords: Tungsten oxide; Nanoplates; Acid treatment; Annealing

Introduction

Tungsten oxide (WO3) nanostructure is an
interesting material for many applications such
as batteries, gas sensors, photocatalysts, display
utilizing, and smart windows“®. In order to
prepare WO3 nanostructured thin films, several
methods have been used, for instance, chemical
vapor deposition®, electron beam deposition ©,
spray deposition®, and sol-gel spin coating.

Another interesting but simple method for
preparing the WQOj3; nanostructure is by using acid
treatment”®, In this method a continuous
tungsten film/sheet is immersed in an acid
solution for developing the WOj3; nanostructure.
In particular, the nanoplate morphology is
preferential formed by using this method. The
acid treatment method shows several advantages
over the other techniques, for example, simple
set-up, fast, ability for up-scaling. Generally,
nitric acid (HNO3) was selected in the process
due to its potential for oxidizing W film. The W
film did not directly transform into WOs by acid

*Corresponding author E-mail: psupree@kku.ac.th

immersion process but the intermediate phase
(tungsten oxide hydrate, WO3-H,0) was usually
formed. The WOs-H,O phase could be easily
transformed into WO; nanoplates by heat
treatment. Although the previous literatures have
reported the synthesis of WOz by the acid
treatment process and its application in various
fields"19, the detailed study for the effect of acid
immersion time and annealing temperature on
the morphology of the nanoplates and the optical
transmission properties has not been researched.
Therefore, the objective of this research is to
study such topics in more details.

Experimental methods

Thin tungsten films were deposited on Si
wafer or glass substrates by using pulsed DC
sputtering under Ar atmosphere at 5 mTorr and
the power of 100 Watt for 10 min. After that, to
obtain the hydrated tungsten oxide (WOs:H20)
nanoplates, the acid treatment process was
carried out. The samples were immersed in 1.5

DOI: 10.14456/jmmm.2017.xx
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M HNOs3 at 80°C with the various immersion
time of 30, 60 and 90 min. As subsequently
shown in the next section, the films immersed in
the acid for 90 min showed the clear and smooth
surface of the WO3-H,0 nanoplates. Thus, this
sample was chosen for the annealing process at
the temperature range of 100-500 °C at the fixed
time of 1 h. The annealing process transformed
the WO3-H,0 to the WO3 nanostructured film by
removing water molecules.

The plan view and cross-section morphology
of the films was investigated by using the
scanning electron microscope (Hitachi, S4700).
The phase and crystalline structure of the films
were analyzed by using the X-ray diffraction
technique (Rigaku, TTRAX I1II). The optical
transmittance of the WO3-H>O and WOs films
deposited on glass substrate was measured by
using the spectrophotometer (Agilent Cary, 7000).

Results and Discussion

Figure 1 shows the cross-section SEM image
of the tungsten film after the deposition on Si
wafer. It can be seen that the film is continuous
and uniform with very smooth surface over a
large scale. The film thickness was estimated to
be around 72 nm (the average value from the

measurement directly in the SEM image of over
10 locations).

Figure 1. Cross section SEM image of the W film
on Si wafer.

Figure 2 shows the plan view and cross
section morphology of the films after the acid
treatment. It is obvious that the film morphology
has changed significantly compared to Figure 1.
The HNOs acid has transformed the continuous
W film into the nanoplate structure of the
hydrated tungsten oxide (WO3-H;0). The
nanoplated films also became thicker (> 400 nm).
The thickness of the WO3-H>O film as well as
the average size of each nanoplate increased
with the acid immersion time as summarized in
Figure 3.

Figure 2. Plan view and cross section images of the WO3-H,O nanoplated films after acid treatment of 30, 60
and 90 min.

J.Met.Mater.Miner. 27(2). 2017
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Fig 3. WO3-H,O film thickness and the size of
nanoplate as a function of immersion time.

The optical transmission spectra of the W
film and the WO3-H,0 films are presented in
Figure 4(a). There is a significant change in the
spectra from the W film to the WO3-H2O films.
For the W film, the sample did not allow the
light transmission throughout the measurement
wavelength range, i.e. the film is mostly opaque
for light from 200 to 2,000 nm. On the other
hand, the WO3-H,O nanostructured films show
some transparencies in the visible and infrared
spectra. The change in the optical properties
can be explained from the formation of WQ3; in
the samples after acid treatment. The
introduction of oxygen to the W film change the
metallic behavior of the W film into the
insulating tungsten oxide films. This in turn
also changed the electronic structure of the
sample from no band gap (metallic) to wide
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band gap semiconductor, which did not absorb
light in the visible range, and thus became more
optically transparent. Figure 4(b) shows the
average %transmittance in the visible range.
The transmittance increased with acid
immersion time. Again this could be explained
from the reaction of oxygen with the W film.
The longer the acid treatment, the more
WO3-H,0 nanostructured film was formed.

The optical band gap of the sample as a
function of acid immersion time was evaluated
according to the equation.

(chv)" = A(hv - Eg) 1)

where « , hv , A and E; are absorption

coefficient, photon energy, relation constant and
optical band gap, respectively. By using n = 1/2
for indirect band gap semiconductors, and the
extrapolation technique (Figure 5(a)), the optical
band gaps as a function of acid immersion time
are presented in Fig. 5(b). Obviously, one can
see that the optical band gap increases with the
longer immersion time as the oxidization of the
W film is in a more advanced state.

Since the sample immersed for 90 min
showed the clearest and smoothest morphology
of the WO3H,O nanoplate, and the highest
optical transmittance in the visible range, we
have chosen this sample for the annealing
treatment.

L(b)

%T average (visible)
= N w N a
o o o o o

o
T

0 30 60 90
Immersion time (min)

Figure 4. (a) Optical transmission spectra and (b) average transmittance of W film and WO3-HO films with

different immersion time
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Figure 6 shows the plan view and cross

images of the WO3 nanostructured films after the
heat treatment at 100-500°C. The annealing has
no effect of the shape of the nanostructure, i.e.
the nanoplate morphology was maintained up to
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Figure 5. (a) Optical band gap estimation by extrapolation technique, and (b) optical band gap as a function of
immersion time.

500°C. However, the thickness of the films was
decreased and the width of individual nanoplates

was slightly reduced as the annealing temperature

increased (Figure 7) as a result of the removal of

water molecules.

L ﬂ:d

nm

Figure 6. Plan view and cross section images of the W nanoplated films after 1 h annealing at 100-500°C.

J.Met.Mater.Miner. 27(2). 2017



10
700
=l plate thickness (nm)
600 L =@ plate width (nm)
=& film thickness (nm)
500}
IS
£ 4001
o
N
o 300}
200} ._—.\./.\Q—.
100+
—a—s—a—5—

0 100 200 300 400 500
Annealig Temperature (°C)

Figure 7. WO; film thickness and the size of nanoplate
as a function annealing temperature.

The transformation of the WO3;-H,0O to the
WOs nanoplated films manifested in the optical
transmission measurement. The transmission
spectra of the non-annealed and the annealed
WQO; films in the wavelength of 200-2,000 are
shown in Figure 8(a). The transmission curves
look very similar for every sample. However,
when plotted the average %transmittance in the
visible range against the annealing temperature,
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a trend emerged as shown in Figure 8(b). The
transmittance has a tendency to increase with
annealing temperature. This is probably due to the
removal of water molecules, making the more
complete WOz films, and thus more optical
transparent. The exception is for the sample
annealed at 500°C where there is a sudden drop in
the transmittance. The possible reasons for the
sudden change could be from deteriorated and
poorly deformed as the glass slide substrate melted.
It should be noted that the transparency of all
samples were still lower than 55% which could be
probably due to a large surface roughness of the
film.

The optical band gap of the samples as a
function of annealing temperature could be was
evaluated using the extrapolation technique
according to the equation 1 as explained
previously. The results are shown in Figure 9.
The optical band gap has a tendency to increase
with increasing annealing temperature up to 400°C
due to the more complete formation of the WO3
crystalline phase. At 500°C, a sudden drop in the
band gap was found which was due to themelt of
the glass slide substrate as discuss earlier.
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Figure 8. (a) Optical transmission spectra and (b) average transmittance of the WO3-H,O film and WO; films

with different annealing temperature.
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Finally, to verify the phase transformation and
the crystallinity of the films in this study, the XRD
analysis was carried out as shown in Figure 10.
For the acid treated film without annealing, the
orthorhombic phase of the WO3+H-O was clearly
visible. This confirmed the existence of the water
molecules from the acid treatment process. As the
annealing temperature increased above 200°C,
the phase was transformed to monoclinic phase of
the WOs film. The residual water molecules were
completely eliminated. The crystallinity of the
WO; was also promoted with higher annealing
temperature as observed from the higher
monoclinic peak intensities.

® Orthorhombic WO, H,O

(200) Monoclinic WO,
F (202)
[ 500 °C ]
t 400 °C ]
i A . 300 °C

200 °C

5 " “ A 100 °C 4

[ (020) (111) }®  (002) (022) h
2 PRI X

INTENSITY(au.)

Non-annealed

10 20 30 40 50 60
20

Figure 10. XRD patterns of the WO3-H,O film and

WQO; films with different annealing temperature.

Conclusions

In this research, the WO; films with the
nanoplate structure were successfully fabricated
by the sputtering technique following by acid
treatment and annealing. It was found that the
WQO3-H,0 nanostructure film was best formed at
the  HNO; immersion time of 90 min. The
WO3-H,0 nanostructure film was transformed
into the WOs; film by annealing at temperature of
> 200°C. The film thickness was decreased as
the annealing temperature was higher. The
visible optical transmittance increased with the
annealing temperature up to 400°C.
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Abstract
The magnetic nanocomposites based on bacterial cellulose (BC) matrix and ferrite (MFe,Oy,
M = Mn, Co, Ni and Cu) nanoparticles (NPs) were fabricated. The never-dried and freeze-
dried BC nanofibrils were used as templates and a co-precipitation method was applied for
NPs synthesis. The nanocomposites were either freeze-dried or annealed before subjected
to characterization. The x-ray diffraction (XRD) and Fourier transform infrared (FTIR)
spectroscopy showed that only MnFe,0O4 and CoFe,O4 NPs could be successfully incorporated
in the BC nanostructures. The results also indicated that the BC template should be freeze-
dried prior to the co-precipitation process. The magnetic measurement by a vibrating
sample magnetometer (VSM) showed that the strongest ferromagnetic signal was found
for BC-CoFe,04 nanocomposites. The morphological investigation by a scanning electron
microscope (SEM) showed the largest volume fraction of NPs in the BC-CoFe,O,4 sample
which was complimentary to the magnetic property measurement. Annealing resulted in the
collapse of the opened nanostructure of the BC composites.

Keywords: bacterial cellulose, nanocomposite, ferrite, magnetic property
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1. Introduction

Bacterial cellulose (BC) is a fascinating and renewable nat-
ural nanomaterial. It has received substantial interest owing
to its unique structural features and favorable properties such
as remarkable mechanical properties, porosity, water absor-
bency, moldability, biodegradability and excellent biological
affinity [1-3]. Intensive research and exploration in the past
few decades on BC nanomaterials mainly focused on their
biosynthetic process to achieve the low-cost preparation and
application in a wide range of fields such as paper making,
textile industry, reinforcement materials, and medical applica-
tions [1-3]. Nevertheless, the investigations of BC in these
fields have led to the emergence of more diverse potential
applications exploiting the functionality of BC nanomaterials.
The hybrid nanocomposites consisting of BC nanofibers
and magnetic nanoparticles (NPs) have attracted attention
from many research groups due to their potential novel appli-
cations. Generally, cellulosic magnetic composites have a
wide range of potential applications, for instance, electronic
actuator [4, 5], magnetographic printing [4, 6], magnetic
sensor [4, 6, 7], electromagnetic shielding [4, 6, 8, 9], and
heavy metal adsorption [8, 10, 11]. Incorporated magnetic
NP-BC has several advantages over other magnetic celluloses
since BC offers much better mechanical properties. BC shows
relative high Young’s modulus making it both flexible and stiff
membrane. Furthermore, BC-magnetic nanoparticles compos-
ites have a potential application as flexible ultra-light weight
magnets [12, 13]. A previous research has reported synthesis
of magnetic aerogels based on BC-ferrite nanoparticles com-
posite [14]. Unlike other magnetic gels which are brittle in
their dry states [13, 15], the BC magnetic aerogels are stiff and
flexible making them very useful for practical applications.
Amongst NPs, the magnetite (Fe;0,4) NP is the most widely
used for incorporation in BC hybrid nanocomposites due to
its generally excellent magnetic properties [4, 7-9, 11, 16].
However, in some applications other kinds of magnetic NPs
may be more appropriate [6, 14, 17, 18]. Very few studies
for other types of magnetic NPs in BC were reported. For
examples, Olsson et al [14] reported the fabrication of magn-
etic aerogels by incorporating cobalt ferrite (CoFe,O4) NPs
in the BC nanofibril templates. In their method, the freeze-
dried BC was immersed in an aqueous FeSO4/CoCl, solution
before an immersion in NaOH/KNOj solution. In this pro-
cess, the precursors were converted into cobalt ferrite in the
BC scaffold resulting in highly flexible magnetic membranes.
Furthermore, Menchaca-Nal et al [18] used BC nanofibril as
a template for the synthesis of cobalt ferrite nanutubes by a
simple co-precipitation of FeCl;-6H,O and CoCl,-6H,0.
The cobalt ferrite NPs formed into a tube shape (diameter of
200nm) surrounding the BC nanofibers. In addition, hydro-
thermally synthesized barium hexaferrite nanoplates were
mixed in BC solution and vacuum filtered to produce flexible
magnetic papers [17]. The mechanical properties of the papers
were improved by treating barium hexaferrite with silane cou-
pling agent. On the other hand, Vitta et al [6, 19] reported
the magnetically responsive BC based on crystalline metallic
Ni NPs. The Ni NPs were infiltrated into the BC structure by

a simple aqueous phase salt reduction method. The different
drying techniques were also explored which resulted in the
BC-based aerogel and xerogel with ferromagnetic behavior.

From the previous paragraph, it can be seen that very few
research has been done in this field and more experimental
works are still needed. Therefore, in this paper we fabricated
BC-ferrites nanocomposites and investigated the phase, micro-
structure and magnetic properties. Four different types of
cubic ferrite (MFe,O4 where M = Mn, Co, Ni, Cu) NPs were
synthesized using BC (never-dried and freeze-dried states) as
the template for NPs nucleation. In order to study the effect
of different ferrite types on the morphology and properties,
except the difference in the starting materials, other synthesis
parameters were kept the same. The post-synthesis treatments
(freeze-drying and annealing) of the BC-ferrite nanocompos-
ites were also investigated.

2. Materials and methods

2.1. Chemicals

The chemical used for NPs synthesis were iron (III) chloride
hexahydrate (FeCls;-6H,0, reagent grade, Sigma-Aldrich),
copper (II) chloride dihydrate (CuCl,-2H,0, grade AR,
QReEC), nickel (II) chloride hexahydrate (NiCl,-6H,0,
grade AR, QRéC), manganese (II) chloride tetrahydrate
(MnCl,-4H,0, grade AR, QRE&C), cobalt (II) chloride hexahy-
drate (CoCl,-6H,0, reagent grade, Ajax Finechem), sodium
hydroxide (NaOH, 99%, EMSURE®)

2.2. BC biosynthesis

BC was cultivated using Glucanobacter xylinum (strain TISTR
975), supplied from the Microbiological Resources Centre,
Thailand Institute of Scientific and Technological Research
(TISTR), in D-glucose medium. The procedure was adapted
from [7]. After incubating at 30 °C under static culture for
8 d, about 1 cm thick BC hydrogels were obtained. They were
boiled in de-ionized (DI) water, and soaked in 0.5 M NaOH
for 15min. The BCs were then soaked in 5 wt% NaOH for
24 h. After that, they were rinsed with DI water several times
until pH of 7 was reached. Since water was not easily evapo-
rated from the BC nanostructure, it was called the never-dried
BC, which was then used as a template for synthesis of fer-
rite nanocomposites. Alternatively, the water molecules were
replaced with alcohol, and the freeze-drying process was
applied. The freeze-dried BC was also used as a template for
MFe,0,4 NP synthesis.

2.3. Synthesis of BC-ferrite nanocomposites

The synthesis procedure was adapted from [18]. Firstly,
0.005 mol of MCl,.nH,O (M = Mn, Co, Ni, Cu) and 0.01 mol
of FeCls-6H,0 were dissolved in 100 ml of DI water. Secondly,
the freeze-dried BC or never-dried BC were soaked in the pre-
pared solution which was pre-heated to 90 °C. After 3h, 80 ml
of 1.2 M NaOH solution was added to convert the metallic
ions into ferrite NPs. The process was kept for 6h at 90 °C.
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Figure 1. XRD patterns of (a) FF and (b) FA BC-ferrites nanocomposites. % for the BC phase, A for the ferrite phase, and @ for the

remaining salt.

Lastly, the BC-ferrite composites were rinsed with water sev-
eral times to remove unwanted materials.

Two drying methods were applied to the BC-ferrite nano-
composites, namely, freeze-drying and oven-annealing. By
combining the freeze-dried (F) and never-dried (N) BC tem-
plates and the 2 drying techniques (freeze-drying (F) and
oven-annealing (~70 °C for 3 d) (A)), there are 4 series of
samples, which were termed as FF, FA, NF and NA. The first
letter represents the state of the BC template whereas the
second letter represents the drying process of the BC-ferrite
nanocomposites.

2.4. Characterization techniques

The phases and crystalline structures of pristine BC and
BC-ferrite nanocomposites were examined using x-ray dif-
fraction (XRD) with an x-ray diffractometer employing
Cu-Ka radiation (PANalytical, Empyrean, USA). The
functional groups and formation of NPs in BC nanostruc-
ture were investigated by using Fourier transform infrared
(FTIR) spectroscopy (Bruker, TENSOR27, Germany).
Magnetizations (M) versus magnetic fields (H) were mea-
sured using a vibrating sample magnetometer (VSM) option
in the VersaLab (Quantum Design, USA) under a maximum
field of 30 kOe. The morphologies of BC nanofibrils and the
distribution of NPs were observed under a scanning electron
microscope (SEM, FEI, Helios, USA).

3. Results and discussion

The phase and crystal structure of BC-ferrites nanocomposites
can be seen from the XRD patterns (figures 1 and 2). For the
pristine BC, XRD patterns showed three nicely sharp peaks
indicating a good crystalline structure of BC, similar to those
in literatures [4, 20, 21]. For the BC-ferrite nanocomposites,

depending on the types of ferrites and the process of NP
impregnation and drying, the XRD patterns varied from one
sample to another. In the FF series (figure 1(a)), the strong
crystalline peaks can be found for the Co ferrite and Mn fer-
rite samples. The Cu ferrite nanocomposite showed a peak for
the ferrite phase but other unidentified peaks were still vis-
ible implying impurity phases. Almost no peak was found for
BC-Ni ferrite sample, except a small hump around 35°. Similar
results can be observed for the FA series (figure 1(b)), except
that the peaks for NaCl salt (by-products) were observed in
the Cu and Ni ferrites samples. The XRD results in figure 1
implied that our method for the synthesis of Cu and Ni fer-
rite NPs in the freeze-dried BC scaffold may not be suitable
since the composite phases were not found simultaneously.
On the other hand, Mn and Co samples showed the strong
crystalline peaks for both BC and ferrite phases, making this
method appropriate for fabrication the Mn and Co ferrites-BC
nanocomposites.

When the NPs were synthesized in the never-dried BC
template, the XRD patterns are shown in figure 2. A number
of impurity phases can be found, particularly the NaCl peaks.
The peaks for the ferrite phases were not strong, except for
the NF BC-Mn ferrite sample. These results indicated that the
co-precipitation of ferrite NPs were not very successful using
the never-dried BC as a template. Generally, the pristine BC
in the never-dried state absorbs significant amount of water
[22, 23]. The water molecules are very stable unless they are
exacted by force, i.e. under drying process. We hypothesize
that, during the NP synthesis, it is difficult for Fe** and M?*
ions to infiltrate through the water barrier to reach the surface
of BC nanofibers. Thus, the co-precipitation process for pro-
ducing ferrite NPs is obstructed. Unlike the co-precipitation
process of NPs using the freeze-dried BC template (this work
and also in [14, 18]), the metallic ions can easily be adsorbed
at the functional groups of BC nanofibrils. It should be noted
that although it was carried out in water-based solution, water
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molecules were not strongly bonded with the freeze-dried BC.
It is hence advised that the co-precipitation reaction should
not be done using never-dried BC templates.

The presence of the strong NaCl peaks in figure 2 can be
explained from the co-precipitation reaction

MCl, + 2FeCl; — M?* + 2Fe3+ + 8CI,
8NaOH — 8Na" + 8OH™,
M2* + Fe3* 4 8CI™ + 8Nat + 80OH™ — MFe,0, + 4H, O+ 8NaCl.
ey
It can be seen that NaCl is the by-product of the
co-precipitation reaction. However, the NaCl peaks were
observed only in the samples using the never-dried BC as a tem-
plate but not in the freeze-dried BC templates. We believed that
for the freeze-dried BC, NaCl was mostly washed away easily

in the rinsing process. On the other hand, the never-dried BC
contained numerous water molecules. NaCl was dissolved in
water and trapped in the BC structure which could not be easily
removed by rinsing. That is the reason why the large XRD NaCl
peaks were found for the never-dried BC template samples.
Another important point from XRD analysis is that though
the synthesis process was the same for every sample, only
the Mn and Co ferrite-BC composites showed the diffracted
peaks for both ferrite and BC phases. It can be concluded
that a simple co-precipitation method using chloride salts
may not be suitable for preparing Ni and Cu ferrite NPs. In
fact, it was reported that the as-synthesized Ni ferrite NP pro-
duced from Ni(NOs3), and Fe(NOs3); did not form the crys-
talline phase unless a high temperature annealing (>600 °C)
was applied [24]. Similarly, previous research showed that
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CuFe,04 phase, starting from Cu(CH3COO), and Fe(NO3)s,
was obtained only when the NPs were heated above 600 °C
[25]. It is thus assumed that the kinetics of forming the Ni and
Cu ferrite phases require higher temperature than that of Mn
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Figure 6. Magnetization (M) versus magnetic field (H) of (a) NF and (b) NA BC-ferrites nanocomposites.

and Co ferrites.

We further investigated the formation of ferrite NPs in BC
structure by using FTIR spectra as shown in figures 3 and 4.

Every sample in the FF series

showed very similar spectra

consisting of the main absorption peak at 1055cm™! and the
broad peak at 3350cm ™! which corresponded to the C—-O-C
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(a) FF BC-pure

Figure 7. SEM images of the FF BC-ferrites nanocomposites
((a)—(e) in left column) and the FA BC-ferrites nanocomposites
((H)—(@) in right column).

stretching vibration and the hydroxyl group, respectively
[26, 27]. Other small peaks related to C—H deformation vibra-
tion, C-H bending and stretching can be found at 810cm™!,
1325cm~! and 2880cm~!, which are the characteristic
absorption peaks of BC [26, 27]. It should be noticed that the
peak for -OH group was not decreased when the MFe,O4 NPs
were impregnated in the BC templates. The —OH group on
the BC surface was likely to attract the M>* and Fe** ions in
the first stage of co-precipitation process. The unreduced peak
intensity of —OH group suggested that dipole-dipole interac-
tions were the main force that anchor metallic ions onto the
surface of the BC nanofibrils.

For the FA series, the Mn and Co ferrite samples showed
very similar FTIR spectra to the pure BC and the FF series.
The abnormality was found in the Ni and Cu ferrite samples.
The strong absorption peak was found at 1425cm™! for the
Ni and Cu ferrite samples which was attributed to the unre-
acted NaOH precipitating agent. As mentioned earlier that
the kinetics of Ni and Cu ferrite phases transformation may
require high temperature process, thus, in order to obtain the
Ni and Cu ferrite NPs, subsequent annealing above 500 °C
should be applied [24, 25].

For the NF and NA series (figure 4), the FTIR spectra of
the pristine BC resembled the FF and FA series. All BC-ferrite
composite samples showed very strong absorption peaks
around 1400-1500cm™—!, which corresponded to the unre-
acted NaOH molecules. The FTIR analysis confirmed once
again that the synthesis of ferrite NPs in the presence of the
never-dried BC was not achievable.

Magnetic property measurements are shown in figures 5
and 6. It is clearly seen that the magnetization values of all
samples in the NF and NA series (figure 6) are much smaller
than those in the FF and FA series (figure 5). The magnetic
measurement supported the XRD and FTIR analysis that the
ferrite NPs were not successfully formed in the never-dried
BC templates, which led to low values of magnetization.

In the case of the FF and FA series (figure 5), the satur-
ation magnetization (M) was maximized for the Co-ferrite
samples, followed by the Mn-ferrite sample. Besides, the
Co-ferrite nanocomposites exhibited a small hysteresis loops
whereas the Mn-ferrite sample showed no loop, i.e. superpara-
magnetism. The M; value of the BC-CoFe,04 nanocomposites
exceeded 30 emu g~!, which was equivalent to approximately
1/3 of the M, of the bulk cobalt ferrite [28]. It meaned the
freeze-dried BC could uptake the CoFe,O4 NPs of roughly
30% of its volume. The FF BC-CuFe,04 nanocomposites
showed the superparamagnetic behavior but with relatively
low M, whereas in the FA BC-CuFe,O4 and both FF and FA
BC-NiFe,04 samples, the ferromagnetism was almost com-
pletely diminished. These results, again, supported the XRD
and FTIR analysis discussed in the previous section.

Since the magnetizations of the NF and NA series were
much lower than those for the FF and FA series, the micro-
structural investigation was thus focused only for the FF and
FA samples (figure 7). Compared between these two series,
the FF samples consisted of 3D interconnected nanofibers
(figures 7(a)—(e)) whereas the annealed samples (FA) resulted
in some bundles of nanofibers (figures 7(f)—(j)). The FF sam-
ples also contained much higher porosity than the FA samples.
The nanofiber structure of the FA BC samples appeared to
be contracted and became more densely packed. The average
fiber diameter of both series was less than 100 nm.

In figures 7(a)—(e), the BC-CoFe,0O4 nanocomposites con-
tained significant amount of NPs compared to the other sam-
ples. The NP loaded volume, approximated by eyes, could be
up to 30—40 vol%. This was corresponded to the maximized
M for the FF BC-cobalt ferrite sample in figure 5(a). The clus-
tering of cobalt ferrite NPs could well explain the observed
hysteresis loop of BC-CoFe,0, nanocomposite. An isolated
NPs exhibit superparamagnetic behavior because thermal
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energy is larger than magnetic energy. A cluster of NPs has a
larger volume which can sustain thermal fluctuation resulting
in a hysteresis loop with finite coercivity values. Lower
volume uptake of NPs was observed in the BC-MnFe,0Oy4
sample. Well-separated NPs with small volume fraction were
responsible for the superparamagnetic M—H curve with small
M for the BC-MnFe,O4 nanocomposites in figure 5(a). For
the BC-Ni and Cu ferrite nanocomposites, it was observed
that the BC nanofibers were covered with the Ni and Cu pre-
cursors. However, the magnetic NPs were not precipitated on
the surface of BC. These images showed the strong evident for
the missing XRD peaks and the non-ferromagnetic properties
of the BC-NiFe,0,4 and BC-CuFe,O,4 samples.

The SEM images of the BC-ferrite nanocomposites in the
FA series showed the more compacted nanostructures (figures
7(f)—(j)). Pore volumes were significantly reduced in all sam-
ples due to the collapse of open-spaced nanofibrils when water
was evaporated. For the BC-MnFe,0,4 samples, the magnetic
particle size was significantly larger due to the agglomeration
of NPs during the annealing process. For the FA BC-CoFe,04
sample, it is difficult to observe individual NPs due to the col-
lapsed BC nanostructure. However, the volume fraction of the
cobalt ferrite NPs was very high, in agreement with the high
value of M. The magnetic NPs were not clearly seen in the
case of BC-Ni and Cu ferrite nanocomposites. The morpholo-
gies of the FA BC-Ni and Cu ferrite samples looked similarly
to the FF samples except that the nanostructure was densely
compacted. The observed microstructure supported the magn-
etic measurement results.

4. Conclusion

In this work we have incorporated MFe,O, ferrite NPs in
the nanostructure of BC. The XRD and FTIR results showed
that the synthesized NPs using the never-dried BC as a tem-
plate were not successfully fabricated. This was interpreted
that the significant amount of water in the never-dried BC
inhibited the co-precipitation process of magnetic NPs on
the surface of BC nanofibrils. On the other hand, using the
freeze-dried BC as a template, the BC-Mn and Co ferrite
nanocomposites could be produced successfully. The crystal-
line phases of Ni and Cu ferrites were not achieved probably
due to the different transformation kinetics of these ferrite
species. The magnetic property measurement showed that
the BC-CoFe,04 nanocomposites exhibited the strongest
magnetic signals equivalent to about 1/3 of the CoFe,;O4 bulk
values. The M of MnFe,O, is the second highest whereas the
magnetization was nearly disappeared for the other samples.
Microstructural analysis using SEM evidently supported the
other measurements. The largest volume fraction of NPs
was found in BC-CoFe,0,4 nanocomposites. The SEM also
showed the collapsed nanostructure in the annealed samples
due to rapid evaporation of water. It is concluded that a simple
co-precipitation method using the freeze-dried BC template
is the best for synthesizing BC-CoFe,O4 nanocomposites. In
addition, the samples should be freeze-dried in order to pre-
serve the opened nanostructure.
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In this work, alloying of CoPt and FePt nanoparticles (NPs), i.e. the Coq_xFexPt NPs (x =0, 0.25, 0.5, 0.75, 1),
were synthesized by the polyol process. These as-synthesized NPs show the A1 phase with a particle size
less than 5 nm. After annealing at 700 °C, the A1 (cubic) phase was transformed to L1y (tetragonal) phase
in all samples. The lattice parameters varied as a function of the composition. The particle size grew
larger after annealing and the size distribution was wide ranging from <10 nm to >100 nm. The size and
distribution was however independent of the Co(Fe) concentration. X-ray absorption spectroscopy
indicated that there was a random distribution of Co and Fe atoms in the layered structure. Magnetic
measurements of the annealed NPs showed that the magnetic hysteresis loop depends on the compo-
sition. The coercivity (H¢) was very high for the CoPt and FePt NPs, whereas the M; value was maximized
for the CogsFepsPt NPs. The variation of He was attributed to the change in lattice parameters which
could alter the exchange interaction, and thus the magnetocrystalline anisotropy. On the other hand,
higher polarization and increased magnetic moments of Fe atoms were believed to be the reason for the
enhanced M in the Co(Fe)Pt NPs. In addition, all NPs were magnetically stable against temperature
variation with changes in M; of less than 10%. The Curie temperature was expected to be as high as 800
—900 K. Given these properties, these new forms of magnetic nanoparticles may find use in advanced
magnetic recording technology.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles (NPs) research is currently one of the most
exciting research areas in the field of materials science, applied
physics, and nanotechnology [1—3]. When the scale size of the par-
ticles reaches the nanometer regime, the magnetic properties change
significantly. Since the thermal energy can easily overcome the
magnetic anisotropy energy, the NPs lose their ability to maintain the
magnetic retention when an applied field is removed. A magnetiza-
tion curve with no hysteresis loop is then generally observed; such
NPs are termed superparamagnetic. These superparamagnetic NPs
have a wide range of potential applications. For instance, magnetic
NPs for medical applications is one of the most active research areas.
These superparamagnetic NPs could be exploited as MRI contrast
agents, hyperthermia, drug delivery etc. [4].
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In the other field of applications, such as magnetic recording, the
retentivity of magnetic properties as the particle size is scaled
down is very important [5,6]. In magnetic recording media, data is
stored in the magnetic bits consisting of a number of magnetic
grains/particles. In order to store data over a long period of time,
the magnetic energy of the magnetic grains, defined as K,V (where
Ky is magnetocrystalline anisotropy, and V is the NP volume), must
be much larger than the thermal energy (kgT) (where kg = Boltz-
mann constant, T =absolute temperature) [7]. Failing to meet this
criterion results in the superparmagnetic effect and thus the loss of
data. As the recording areal density is increased, the size of the
magnetic grains must also be reduced continuously. Conventional
magnetic materials, such as Fe, Co, Ni alloys and ferrites, cannot
sustain their magnetic properties when their size is lower than
100 nm because of the low values of the magnetic anisotropy [8,9].
Currently, the state-of-the-art materials for recording media are
CoCrPt based alloys [5,6]. However, as the demand for higher
recording density grows, even these state-of-the-art alloys cannot
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withstand thermal fluctuations as the particle size decreases.
Therefore, alternative magnetic materials with a larger anisotropy
constants are required in the near future.

Amongst the choice of magnetic materials with high K, values,
CoPt and FePt NPs have received a lot of attention from many
research groups as candidates for extremely high data storage
materials [9—16]. As-synthesized CoPt (FePt) NPs possess a face
centered cubic structure (A1 phase). This phase is a disordered
alloy, i.e. the distribution of Co(Fe) and Pt atoms is random, with
low Ky. The high K, phase, K, ~107 erg/cm?, (L1o phase) with a face-
centered tetragonal (fct) structure can be achieved via a heat
treatment process of the as-synthesized CoPt (FePt) NPs (Fig.1). The
L1p phase is also an ordered alloy, i.e. alternative arrangements of
Co (Fe) layers and Pt layers along the c-axis.

A number of papers have been published covering several as-
pects of magnetic NPs including synthesis method, phase transi-
tions, and morphology. For the synthesis method, a polyol process
was developed as a common route for synthesizing CoPt (FePt) NPs
with a size of a few nms [17—19]. A few different types of Co (Fe)
and Pt sources as well as reducing agents have been experimented
upon. For example, Yu et al. reported the synthesis of MPt (M = Fe,
Co, Ni, Cu, Zn) NPs prepared from a facile oleylamine reduction of
metal salts [10]. In their process, the co-reduction of M(acac), and
Pt(acac); was performed at 300 °C using oleylamine as the reducing
agent, surfactant, and solvent. Alternatively, the CoPt (FePt) has
been synthesized by using a gas phase condensation method, for
which the physical deposition apparatus for depositing thin films
has been adapted [16]. However, either using chemical or physical
methods the as-synthesized particles need to be subjected to post-
synthesis annealing to obtain the L1 phase. Therefore, Bian et al.
proposed a one-step solid-phase synthesis method for preparing
L1p Co(Fe)Pt NPs [15]. In their method, after dissolving Co(acac),, or
Fe(acac),, and Pt(acac), in acetyl acetone by ultrasonication, the
solution was dropped onto the carbon-coated Cu grid which was
heated to 550 °C. The L1¢ CoPt (FePt) NPs core was then coated in a
carbon shell with an average diameter of a particle of 14 nm.

The phase transition temperature is another important issue. To
be of practical use for magnetic recording media, the temperature
at which the A1 phase transforms into the L1g phase needs to be as
low as possible since many components cannot tolerate high
temperatures. A reduction in the transition temperature can be
achieved via doping. For example, when Ag was added in the
synthesis process, the transition temperatures were reduced from
700 to 600 °C for CoPt NPs [20], and from 550 to 400 °C for FePt NPs

‘m heat treatment

[11]. Other elemental doping, such as Sb [21,22], Cu [23,24]or B [25],
also promoted the L1 phase transformation and thus reduced the
phase transition temperature of the NPs. The underlying reason for
the decrease in transition temperature was believed to be related to
the ease of nucleation and growth of the L1y phase when CoPt
(FePt) alloys were doped. On the other hand, the addition of suffi-
cient Au in FePt NPs was found to promote the formation of the L1¢
phase without any need for a high temperature process, resulting in
a very large coercivity [26]. Moreover, an alternative chemical
synthesis route for FePt NPs has been proposed by controlling the
co-reduction of Fe(acac); and K,PtClg in the presence of olylamine
at 350°C [27]. The coercivity of 10.5 kOe was obtained without
further annealing for this system.

The dependence of size and morphology of NPs on the chemical
and magnetic ordering of CoPt and FePt NPs has also been inves-
tigated [13,14]. It was found that the particle size variation
(4—15 nm) had an influence on the long-range ordering parameter,
saturation magnetization (Ms), shape of hysteresis loops, and Curie
temperature. The Curie temperature was also found to be sensitive
to the shape of NPs when the size was <3 nm.

It can be seen from the above that many research groups have
studied CoPt and FePt NPs extensively. Nevertheless, the alloying
effect between CoPt and FePt has never been previously reported. It
has long been known that Co-Fe alloys could generate higher Mg
than either pure Co or Fe metals. The M;s of CossFegs bulk alloy is as
high as 240 emu/g, which is one of the highest M; value substances
ever known [28]. For magnetic recording media, materials with
large M; as well as large K, values are desirable. In CoFe NPs, it has
been reported that the ratio of Co:Fe showed an influential effect on
the Mg values, with the highest Mg of 207 emu/g found for the
CogoFegp composition [29]. Nevertheless, the CoFe NPs are soft
magnetic materials with small K,. Hence, a superparamagnetic
hysteresis loop was observed.

In this work, we have synthesized the Coi_xFexPt (x =0, 0.25,
0.5, 0.75, 1) NPs and studied the effect of Co and Fe concentrations
on phase, structure, morphology and magnetic properties.

2. Experimental procedure

Co1-xFexPt nanoparticles (x =0, 0.25, 0.50, 0.75, 1) were syn-
thesized via a polyol process [25,30]. Cobalt (III) acetylacetonate
(Co(acac)y), iron acetylacetonate (Fe(acac);) and platinum acetyla-
cetonate (Pt(acac);) were weighed in stoichiometric ratios and then
dissolved in trimethylene glycol (TMEG) in a two-neck flask. An

all

=)

il 3%

ol %

a a
Al phase . Sy L1, phase
fcc(a=c), @ rt fct (a#c),
disordered ordered
low K, high K,

Fig. 1. Crystal structure of the Co(Fe)Pt NPs before and after heat treatment.
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appropriate amount of NaOH was added into the solution which
was then placed in an oil bath (glycerine) and heated to 230°C.
With constant mechanical stirring, the reflux process was allowed
to continue for a maximum period of 3.5hat this temperature.
After the reflux, the suspension was cooled to room temperature.
The black precipitated particles of Co;_xFexPt alloy were isolated by
centrifugation. The particles were washed with ethanol several
times to remove the byproducts. The as-synthesized particles were
then annealed in an Ar atmosphere at 700 °C for 2 h.

The phase formation and crystal structure of the as-synthesized
and annealed samples were studied by using X-ray diffraction
(XRD) with an X-ray diffractometer employing Cu-Ko radiation
(PANalytical, Empyrean, Netherlands). The morphology and size of
NPs before and after annealing were examined by using trans-
mission electron microscopy (TEM) (FEI, Tecnai G2 20, USA).
Thermal analysis of the as-synthesized NPs was studied by using a
thermogravimetric (TGA) instrument (Hitachi, STA7200). The
chemical composition of NPs was verified by using energy disper-
sive X-rays (EDX, Oxford) contained within the scanning electron
microscope (SEM) (FEI, Helios, USA). The magnetic property mea-
surement was carried out using a vibrating sample magnetometer
(VSM) option in the VersaLab instrument (Quantum Design, USA)
with the maximum applied field of 30 kOe.

To understand the local structure environment around Co and
Fe ions, X-ray absorption spectroscopy (XAS) including X-ray ab-
sorption near edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) spectra of Co and Fe K-edge were
conducted at the SUT-NANOTEC-SLRI XAS beamline (BL5.2) [31] at
the Synchrotron Light Research Institute (SLRI), Nakhon Ratch-
asima, Thailand. All spectra were collected in the fluorescence
mode with a 4 element Si-drift detector. The normalized XAS data
were processed and analyzed after background subtraction in the
pre-edge and post-edge region using the ATHENA software which
is included in the IFEFFIT package [32,33]. Additionally, the local-
structure information around the Co and Fe atoms was obtained
by fitting EXAFS data to the models based on the FEFF8.2 program
[33,34].

3. Results and discussion
3.1. As-synthesized NPs

The structure and phase of the Coq_xFexPt NPs can be observed
from the XRD patterns as shown in Fig. 2. Every sample showed
similar pattern with the broad peak at 20 ~40° which is charac-
teristic of the (111) plane of the A1 phase as previously reported
[20,21,30,35]. The variation of Co and Fe ratios does not show an
obvious effect of the phase change.

The NP size and morphology are observed by using TEM as
shown in Fig. 3. Spherical NPs were observed in all samples with a
size <5 nm, which is consistent with other similar NPs reported in
the literature [10,11,17—21]. Most samples show homogeneous
dispersion of NPs. Moreover, for different Co and Fe contents, the
NP sizes and their shapes are not obviously different, indicating
that the variation in Co(Fe) concentration has no effect on the NP
morphology.

The magnetization (M-H) curves of the Coj_xFexPt NPs are re-
ported in Fig. 4. No hysteresis loop was observed for any sample,
indicative of a superparamagnetic nature to the NPs. The observed
superparamagnetism is thought to be as a result of a combination of
effects. The very small particle size (< 5nm) of all samples, as
observed in Fig. 3, the low K, value from the A1 phase, and the high
portion of the amorphous phase (confirmed by from XRD), all
contributed to this superparamagnetic property. However, a cor-
relation between the M;s values and the Co:Fe ratios was not found.
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Fig. 2. XRD patterns of the as-synthesized Co;.xFexPt NPs.

The thermogravimetry (TGA) analysis of the as-synthesized Coq.
xFexPt NPs is illustrated in Fig. 5a. The result from the TGA analysis
and also from the differential thermal analysis (DTA) (not shown)
did not indicate any evidence for a phase transformation temper-
ature, which would normally occur around 500-700°C
[12,18,19,30,35]. The weight loss percentage at 700 °C as a function
of Fe content is shown in Fig. 5b. The most stable NPs up to 700 °C
were the CoPt NPs followed by the FePt NPs. CogsFeg 5Pt NPs un-
derwent the highest weight loss at 700 °C, which could probably be
due to the most random atomic arrangement from the equi-atomic
ratio of Co:Fe.

3.2. Annealed NPs

XRD analysis of the NPs was carried out after annealing at
700°C, and the results are shown in Fig. 6. Obviously, the XRD
patterns of the NPs have changed significantly compared to Fig. 2.
The NPs have clearly developed crystalline phases as can be seen
from the sharp peaks in the XRD patterns. The XRD peaks in every
sample can be matched with the ICDD references, 00-043-1359 for
CoPt and 00-43-1358 for FePt, and also with previously published
data [11,20—22]. This indicates that the phase of every sample was
transformed from the A1 phase to the L1y phase after annealing at
700°C. No obvious differences were observed between samples.
The presence of small unidentified peaks around 30—40° are noted.
These peaks are identified as the NaOH phases which are a residue
from its use in the NPs synthesis process. Since these phases are
clearly small in concentration, and are non-ferromagnetic, they
ought to have little effect on the magnetic properties.

The lattice parameters (a, b and c) of the Coq_xFexPt (L1y phase)
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Fig. 3. TEM image of the as-synthesized Co;_4FexPt NPs for different proportions (x) of the Co and Fe components of the elements (a—e).

NPs were extracted from the XRD patterns, using the equa-

tion}, = 2K 4 £ a5 shown in Fig. 7a, where h,k and | are the Miller
indices and d is the d-spacing from Bragg’s law. There is an obvious
variation in the lattice constants a and c, both of which decreased
with an increasing Fe content up to x=0.5, and then increased
again. The minimum values of a and c for the CogsFegsPt compo-
sition are somewhat unexpected. In the Co-Fe alloys with a cubic
structure, the lattice parameter a increased almost monotonically
as a function of Fe content [36]. This is understandable since the
atomic radius of Fe is slightly larger than Co [37]. Therefore, the

substitution of Co with Fe could lead to a lattice expansion, and
hence an increase in the lattice parameters. For the Coq_xFexPt NPs,
the situation is more complicated since the Co(Fe) atoms are
distributed in layers alternated with Pt layers. Moreover, the large
surface of the NPs creates strain energy which affects the distances
between neighboring atoms. These contributions could be one of
the reasons for the variation of the lattice constants a and ¢ with
different Co and Fe ratios. The unit cell volumes are plotted against
the composition CoqxFexPt as shown in Fig. 7b. Since the lattice
parameters a and ¢ show the minima at x=0.5, the unit cell
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Fig. 4. Room temperature magnetization curve (M-H) of the as-synthesized Co;.xFexPt
NPs for different proportions (x) of the Co and Fe components of the elements.
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Fig. 5. (a) TGA wt.% and (b) %wt. loss at 700 °C of the as-synthesized Co;_xFexPt NPs for
different proportions (x) of the Co and Fe components of the elements.

volumes follow the same trend. The c/a ratio as a function of Fe
content is also plotted in Fig. 7b. A ¢/a ratio of unity indicates a
perfect cubic structure, whereas a deviation from this value implies
the presence of a preferential tetragonal structure. As can be seen
from Fig. 7b, the Cog sFeg 5Pt sample shows the least deviation from
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Fig. 6. XRD patterns of the annealed Co.xFexPt NPs for different proportions (x) of the
Co and Fe components of the elements. The references of the L1o CoPt and FePt phase
are also presented.

unity whereas larger distortions were found in the pure CoPt and
FePt NPs. These results have a direct implication on the magnetic
properties of the materials.

The TEM images for the Coq_xFexPt NPs after annealing at 700 °C
are shown in Fig. 8. For each sample, three images at different
magnifications are presented. Obviously, the particle sizes of the
annealed samples were larger than the as-synthesized NPs. The
annealing process resulted in particle size growth for a minimiza-
tion of the surface energy. Furthermore, Fig. 8 shows that the par-
ticle size distribution is very wide. The particle size could be as
large as 100nm, for instance, Fig. 8b (x=0.25), or as small
as <10 nm (Fig. 8a and e). In general, every sample consists of a
mixture of various sizes of NPs. Fig. 8 only presents some selected
images. The average particle sizes from the TEM images are sum-
marized in Fig. 9 which averaged from over 100 measurements for
each composition. There is no indication that the particle size or
size distribution has any correlation with the composition.

The morphology and chemical compositions of the annealed
NPs were investigated by using SEM and EDX analysis as shown in
Fig. 10. The SEM image of the FePt sample shows clusters of highly
agglomerated NPs with an approximate size of individual particle
of 30—50 nm which is slightly larger than the as-synthesized NPs;
these values correspond well to the TEM micrographs. The larger
NP size and their agglomeration could be attributed to crystal
growth under a higher annealing temperature, the surface energy
and their magnetic interactions. The size and morphology of the
other samples look very similar to the FePt NPs. The ratios of Co:Fe
verified by EDX are presented in Fig. 10b. In order to obtain the
average value of the compositions, the EDX spectra were collected
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at a relatively low magnification (2000 x ) and large area
(>100 x 100 um?). The compositions of Co and Fe were found to be
very close to the Coi_xFexPt nominal composition (+5%).

To investigate the local distribution of Co and Fe atoms in the L1g
structure, the annealed samples were subjected to XAS measure-
ment. The preferential local atomic site (random arrangement or
clustering of Co and Fe atoms) can result in a critical difference in
the magnetic anisotropy [8]. As shown in Fig. 11a, the XANES
spectra at the Co K-edge in the Coq_xFexPt NPs (x =0, 0.25, 0.5, 0.75)
are almost identical. It can be inferred to the first approximation
that there is no distinct difference in the local distribution of Co
atoms amongst the samples. Moreover, the shape of the XANES
spectra of Co in this study is similar to previously published
research [30,38]. The standard references for Co foil, CoO, and
Co304 are also included in Fig. 11a. It is clearly seen that the samples
show metallic characteristics. This is evident because the XANES
spectra more closely match the Co foil (both absorption edge and
peaks), with the except for the presence of Fe and Pt atoms. In
addition, they are more clearly distinguished from the Co oxides
spectra, and so this rules out the possibility of oxidation of the
samples after annealing.

Similarly, the Fe XANES spectra in the Coj.xFexPt NPs with
x=0.25, 0.5, 0.75, 1 are visibly similar (Fig. 11b). One noticeable
difference is the increased intensity of the second peak (~7132 eV)
as the Fe content increases, which could probably due to the
characteristics of the metallic Fe XANES spectrum. Nevertheless,
the characteristics of the Fe XANES spectra implied the indistin-
guishable arrangement of Fe atoms in the Co;_xFexPt NPs. Again, the
analysis of the Fe XANES spectra against the standard references (Fe
foil, FeO, Fe,03) in Fig. 11b indicate that these samples have more of

a metallic characteristic, thereby excluding the presence of oxida-
tive forms of Fe during the annealing process.

In order to gain more insight into the local structure of Co and Fe
atoms in the Coj_xFeyPt system, the extended region (EXAFS
spectra) of the selected data are plotted as shown in Fig. 12. The Co
K-edge EXAFS spectra both in k- and R-space were plotted for CoPt
whereas the Fe K-edge EXAFS spectra were plotted for
Cog.75Feg25Pt and FePt. Along with the experimental data, the fit-
tings based on the model of a random distribution of Co and Fe
atoms in the layered system are also presented. It can be seen that
the fits match very well with the experimental results up to the 4th
shell in R-space. In the same manner, the model fits the experi-
mental data almost perfectly in the whole range of the k-space
(3—10A~"). The fitting parameters, the R-factor which measures
the absolute misfit between data and models, are less than 0.05 in
every data set, representing a good fit [32]. From the EXAFS anal-
ysis, it can be concluded that the effect of Co(Fe) concentration in
Coq_xFexPt NPs does not have a strong influence on the local dis-
tribution of Co or Fe atoms, i.e. they are randomly distributed in the
alternate layers with Pt layers.

The magnetic properties of the annealed Coi_xFexPt NPs are
shown in Figs. 13—15. Fig. 13 represents the M-H curves which
show the hysteresis loop for every sample. Magnetic remanence
(M;) and coercivity (Hc) are clearly observed. The change from
superparamagnetic to ferromagnetic behavior for the annealed NPs
could be due to several factors such as the larger particle size,
higher crystallinity or an increased exchange interaction between
particles. The most likely reason however would be the formation
of the L1 phase as evidenced from the XRD analysis. This phase
possesses the large Ky, a very hard ferromagnetic phase, making it
magnetically stable against temperature fluctuations. It should be
noted that the double shoulder characteristic of the M-H loop near
H = 0 was observed, particularly for the CoPt and FePt samples. This
is an indication of the mixed phases between the soft and hard
ferromagnetic phases as a result of an incomplete phase trans-
formation. The residual A1 phase in those samples implied that the
kinetics for the L1y phase transformation in the pure CoPt and pure
FePt was more difficult than the alloying samples. This finding is
supported by the TGA result (Fig. 5b) from which it was observed
that the CoPt and FePt NPs were more stable than the other sam-
ples. The other possible explanation for the double shoulder char-
acteristics is the small particle size and size distribution, especially
for x = 0. As demonstrated in Fig. 9, the CoPt sample (x = 0) shows
the smallest average particle size and the narrowest distribution,
indicating that a significant population of small particles exists in
this sample. These small particles could contribute to the super-
paramagnetc phase and thus the observance of the multi-
component hysteresis in Fig. 13. The coercivity (H¢) and satura-
tion magnetization (Ms) extracted from the hysteresis loop are
presented in Fig. 14. An inverse proportion between Hc and M as a
function of Co:Fe ratio is clearly observed. For the H, variation, the
largest values were observed in the CoPt and FePt NPs whereas for
the other Coq_xFexPt (x =0.25, 0.5, 0.75), a smaller H. was observed.
The measured values of H¢ of CoPt and FePt NPs are of the same
order of magnitude as reported in the literature [10,14,15,18,35].
The drop in the H¢ value for x = 0.25, 0.5, 0.75 could be related to
the change in the lattice parameter c¢/a ratio as the composition
changed (Fig. 7). The smallest H. value was found for the
CopsFegsPt sample which has the largest c¢/a value. It has been
reported that the exchange interaction of the CoPt (and FePt) sys-
tem was altered as the c/a ratio was adjusted [39]. Thus, in the Coq.
«FexPt system, it is possible that the large c/a value changes the
exchange interaction between the adjacent Co(Fe) layers and de-
teriorates the magnetocrystalline anisotropy (Ky). This argument is
consistent with the first principle calculation of the Fej_yCoyPt-L1g
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Fig. 8. TEM images of the annealed Co;_4FexPt NPs. For each sample, the images at 3 different magnifications were shown for different proportions (x) of the Co and Fe components

of the elements.

bulk alloys where the magnetocrystalline anisotropy falls rapidly as
Co atoms were substituted for the Fe sites, as a result of the change
in the effective number of valence electrons in the unit cell [40]. The
reduced K, would then result in a lower H¢ value, since H. is related

to Ky as He = 2Ky/M; [41]. Based on this argument, it could explain
the change in Hc as a function of Co(Fe) content. Our result is in
agreement with the report for the Fe;xCoxPt thin film system
which also showed the variation of H. with the Fe:Co ratio [42].



26

100 T T T T T
Co, Fe Pt (annealed) |

80

60

40

20

average partcle size (nm)

1 1 1
0.50 0.75 1.00

xin Co, Fe Pt

1 1
0.00 0.25

Fig. 9. Average particle size of the annealed Co;FesPt NPs measured from TEM
images.

On the other hand, the Mg was found to increase in the Co-Fe
alloy samples with a maximum of ~44.5 emu/g for the CosgFes5oPt
NPs. In this case, it has been reported that the addition of Co in pure
Fe increased the Mg by 13% compared to pure Fe with a composition
of CossFegs [28]. The increase in magnetization of Fe-Co alloys with
Co content is attributed to an increase in the polarization of Fe
atoms with Co addition [28,43,44]. Furthermore, the band structure
calculation of Fe-Co alloys based on the Korringa-Kohn-Rostoker
layer method showed that the magnetic moment of Fe atoms
exhibited a maximum near the equi-atomic composition whereas
the magnetic moment of Co atoms remained almost the same [44].
Based on these previous studies, although for different systems, the
enhancement in M;s of the Coq_xFexPt NPs could possibly be due the
same underlying physics as in the Fe-Co system. However, to gain a
more insightful explanation, the calculation of the band structure of
the Coq_xFexPt L1g alloy is required.

Lastly, the Mg at 30kOe of the CojxFexPt NPs were plotted
versus the temperature range of 50—390 K as presented in Fig. 15. In
every sample, the M; increased as the measurement temperature
was lowered as a result of thermal fluctuation suppression. It can
also be seen that all samples were magnetically stable against the
temperature variation with changes in M; of less than 10% for every
sample. The CogsFep 5 NP still possessed the highest Mg throughout
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Fig. 11. (a) Co K-edge and (b) Fe K-edge XANES spectra of the annealed Co;_xFexPt NPs
for different proportions (x) of the Co and Fe components of the elements.

the temperature range with a value of 46.8 emu/g at 50 K. The Curie
temperature (T.) can be estimated by extrapolating the data in
Fig. 15 to its intercept with the abscissa was reached. For a rough
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Fig. 10. (a) SEM image of the annealed FePt NP, (b) Co and Fe ratio (at.%) of Co;.xFexPt NPs.
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approximation, the T, should be in the range of 800—900K
depending on samples. These values are in agreement with the T
values reported for CoPt and FePt NPs [39,45,46]. The implication is
that even using the solid solution of CoPt and FePt alloys, these Coy.
xFexPt NPs could still be exploited in any high temperature

application.

4. Conclusion

In this work, we have fabricated Coq.xFexPt alloyed NPs. After
synthesis via the polyol process, an A1-phase Co;j_xFexPt NPs with a
size of less than 5 nm was formed. The effect of Co(Fe) substitution
did not change the phase formation or particle size and its
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Fig. 13. Room temperature magnetization curve (M-H) of the annealed Co;.xFexPt NPs
for different proportions (x) of the Co and Fe components of the elements.
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Fig. 15. Temperature dependence of saturation magnetization (M;) for different pro-
portions (x) of the Co and Fe components of the elements.

distribution. The magnetic measurement of the as-synthesized NPs
showed superparamagnetic behavior as a result of the low Ky
values and the small particle sizes. After annealing under an inert
atmosphere, the L1y phase was clearly formed for all samples. The
effect of Co (Fe) composition in the L1 phase led to the variation of
the lattice parameters. The maximum c¢/a ratio was found in the
Cog sFeqs5Pt composition. The NPs were enlarged after annealing as
a result of particle agglomeration and sintering to reduce surface
energy. The size distribution is relatively wide ranging from less
than 10 nm to more than 100 nm, and no obvious correlation be-
tween particle size and composition was observed. The concen-
tration of Co and Fe from EDX measurements was found to be close
to the nominal composition. For the local structure of Co and Fe
atoms, the XANES and EXAFS analyses showed no preferential
atomic sites or any sign of clustering of Co and Fe atoms; these were
randomly distributed in the layered structure of the L1y phase. The
magnetic hysteresis loops were observed in every annealed sample
but the Hc varied with composition which could be related to the
lattice parameters. The Mg was maximized for the Cog sFeq 5Pt equi-
atomic composition which could be due to the enhancement of
magnetic moments of Fe atoms as in the case of the Co-Fe alloys.
The CoyFeixPt NPs were magnetically stable with less than 10%
variation in Mg throughout the measurement temperature range.
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Magnetically responsive and flexible bacterial cellulose (BC) membranes were successfully fabricated using a
simple diffusion of a ferrofluid solution. BC hydrogels were either water-substituted by alcohol (BC-N) or freeze
dried (BC-F) prior to their immersion in the ferrofluid. The presence of both crystalline BC and Fe30,4 phases, and
the homogeneous distribution of nanoparticles (NPs) in BC nanofibrils were observed. Higher concentrations of
Fe30,4 NPs were found in the BC-N samples than for the BC-F samples. Higher magnetization in the BC-N samples

was observed compared to the BC-F samples. Mechanical properties tests showed the higher strength and
Young’s modulus for the BC-F samples was possibly due to their more compacted nanostructure compared to BC-
N. Using this simple process, the magnetic BC membranes show elastic properties upon deformation, returning to
their original shape without damage. Also, they were highly sensitive to external magnetic forces giving them

potential for many applications.

1. Introduction

Cellulose is one of the most important and abundant natural poly-
mers. It is an inexhaustible raw material, and a key source of sustain-
able materials on an industrial scale (Klemm, Heublein, Fink, & Bohn,
2005). Cellulose-based composite materials show improved perfor-
mance from the combination of two or more properties. Magnetic cel-
lulose composites combining the magnetic responsive properties of
ferromagnetic particles with the excellent mechanical properties of
cellulose could find use in several technological applications, such as
flexible information storage (Behrens, 2011; Dai & Nelson, 2010),
loudspeaker membranes (Galland et al., 2013), anti-counterfeiting pa-
pers (Barud et al, 2015; Mashkour, Tajvidi, Kimura, Kimura, &
Ebrahimi, 2011), magneto-responsive actuators (Olsson et al., 2010;
Zhang et al., 2011), electromagnetic shielding (Marins, Soares, Barud, &
Ribeiro, 2013; Park, Cheng, Choi, Kim, & Hyun, 2013), and heavy metal
removal (Nata, Sureshkumar, & Lee, 2011; Stoica-Guzun et al., 2016;
Zhu et al., 2011).

There have been a few approaches proposed for the fabrication of
magnetic cellulose composites. These approaches have been confined to
lumen-loading and in situ synthesis methods (Wu, Jing, Gong, Zhou, &
Dai, 2011). In the lumen-loading method, magnetic cellulosic fibers are
prepared by mixing of the aqueous mixture containing pulp fibers and
magnetic particles, such as magnetite or maghemite. After a mild

washing step to remove all unbound-magnetic particles, all the fillers
are confined in the lumens of the fibers. This leaves most of the external
surfaces of the fibers free from the particles (Wu et al., 2011; Zakaria,
Ong, Ahmad, Abdullah, & Yamauchi, 2005). For the in situ synthesis
method, or in situ co-precipitation method, cellulosic fibers are im-
mersed in a solution containing iron ions. The iron ions are adsorbed to
the surface of the cellulose matrix and are chemically converted to iron
oxide particles by the addition of NaOH or NH4OH solutions (Small &
Johnston, 2009; Sourty, Ryan, & Marchessault, 1998). Compared with
lumen loading, the in situ synthesis method allows better dispersion,
greater uniformity and a better control of magnetic properties (Shen,
Song, Qian, & Ni, 2011). However, it cannot eliminate some intrinsic
disadvantages such as rigorous reaction conditions, poor control of
deposition location, and unstable composition of magnetic nano-
particles (MNPs) (Wu et al., 2011).

Apart from plant celluloses, bacterial cellulose (BC) produced from
the cultivation of a particular type of bacteria, such as Gluconacetobacter
xylinum, has received increasing attention from many researchers. This
is due to the unique and superior properties of BC fibrils over plant
cellulose fibers. In their pristine forms, BC possesses a 3D porous net-
work of highly crystalline cellulose nanofibers (or nanofibrils) with
high purity (free of lignin and hemicellulose) and a high degree of
polymerization. It also possesses remarkable mechanical properties,
high water absorbency, high moldability, biodegradability and

* Corresponding author at: Integrated Nanotechnology Research Center, Department of Physics, Faculty of Science, Khon Kaen University, Khon Kaen, 40002, Thailand.

E-mail address: psupree@kku.ac.th (S. Pinitsoontorn).

https://doi.org/10.1016/j.carbpol.2018.03.072

Received 21 November 2017; Received in revised form 19 March 2018; Accepted 21 March 2018

Available online 23 March 2018
0144-8617/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/01448617
https://www.elsevier.com/locate/carbpol
https://doi.org/10.1016/j.carbpol.2018.03.072
https://doi.org/10.1016/j.carbpol.2018.03.072
mailto:psupree@kku.ac.th
https://doi.org/10.1016/j.carbpol.2018.03.072
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2018.03.072&domain=pdf

N. Sriplai et al.

excellent biological affinity (Foresti, Vazquez, & Boury, 2017; Hu,
Chen, Yang, Li, & Wang, 2014; Shah, Ul-Islam, Khattak, & Park, 2013).
BC can be applied to a variety of applications, such as wound dressing
materials. Recent research has shown that by using a dextran-modified
BC hydrogel, accelerated cutaneous wound healing can occur compared
to unmodified BC (Lin et al., 2017). Another example is the use of BC as
strong, thermal-stable, flexible and transparent films for flexible de-
vices, such as solar cells and displays (Wu & Cheng, 2017).

Several types of MNPs have been incorporated in BC nanofibrillar
networks; for instance magnetite (Fe30,) (Barud et al., 2015; Katepetch
& Rujiravanit, 2011; Park et al., 2013; Stoica-Guzun et al., 2016;
Sureshkumar et al., 2010; Zeng, Laromaine, Feng, Levkin, & Roig, 2014;
Zhang et al., 2011; Zheng et al., 2013), maghemite (Fe,O3) (Marins
et al., 2013; Mashkour, Moradabadi, & Khazaeian, 2017; Nata et al.,
2011; Wan et al., 2015), cubic ferrites (CoFe,O4, MnFe,04) (Liu, Yan,
Cao, Zhou, & Yang, 2016; Menchaca-Nal et al., 2016; Olsson et al.,
2010), barium hexferrite (Lim et al., 2016), Ni (Thiruvengadam & Vitta,
2013, 2017a), and permalloy (NiFe) (Thiruvengadam & Vitta, 2017b).
Nevertheless, the most used MNPs for fabricating magnetic BC are iron
oxides (magnetite and maghemite) due to their high magnetization
values, stability, low cost, low toxicity and ease of fabrication.

Due to the very small size of the BC nanofibrils and the lack of a
lumen structure, the lumen-loading method is not applicable for the
fabrication of magnetic BC. Instead, a very widely used process for the
impregnation of iron oxide MNPs into BC nanofibrils is the in situ co-
precipitation method (Marins et al., 2013; Mashkour et al., 2017;
Stoica-Guzun et al., 2016; Sureshkumar et al., 2010; Zhang et al.,
2011). Although this method can produce iron oxide MNPs relatively
easily, it has several drawbacks such as agglomeration of nanoparticles,
broad particle size distributions, predominant precipitation of MNPs at
the surface of BC pellicles, and the occurrence of unwanted phases (e.g.
a-Fe,03, a-FeOOH). Effectively controlling the dispersion of MNPs in
nanocomposite materials is crucially important to obtain excellent
magnetic properties since the collective behavior of MNPs is a strong
function of their concentration as well as their spatial arrangement
(Thiruvengadam & Vitta, 2016). Therefore, several modified in situ
synthesis techniques have been explored for minimizing such dis-
advantages, including hydrothermal (Wan et al., 2015), solvothermal
(Nata et al., 2011), ultrasonic irradiation (Zheng et al., 2013), micro-
wave-assisted thermal decomposition (Zeng et al., 2014), ammonia M.
gas-enhancing (Katepetch & Rujiravanit, 2011), or using amphiphilic
comb-like polymer stabilizers to disperse the MNPs (Park et al., 2013).
Although some improvements by such methods have been achieved,
agglomeration of MNPs is still observed. Furthermore, the process be-
come more complex with these approaches, and several processing
parameters need to be more precisely controlled. In addition, the
magnetization of the BC composites was found to be very low, in-
dicating a low uptake volume of the iron oxide MNPs, or the formation
of non-magnetic phase NPs. The use of an energy-assisted process can
also deteriorate other properties of the BC itself. For example, flexible
magnetic BC hybrids synthesized under ultrasonic irradiation exhibited
poor mechanical behavior (Zheng et al., 2013). This occurs because the
ultrasonic treatment impacts the crystallinity, surface modification and
the roughness of the BC nanostructure (Foresti et al., 2017).

In this work, we present the fabrication of magnetic BC nano-
composites by using a simple immersion of BC pellicles in a commer-
cially available ferrofluid. With this method, water-based Fe304 NPs in
the ferrofluid solution simply diffuse and anchor to the 3D nanofiber
network of the BC fibrils. Homogenization was used to produce an
aqueous dispersion of MNPs. This process also has the advantage of
reducing complications, such as controlling nitrogen flow to prevent
oxidation, has low energy requirements and minimizes the use of che-
mical treatments which can cause structural and morphological
changes (Foresti et al., 2017; Mashkour, Tajvidi, Kimura, Yousefi, &
Kimura, 2014). Moreover, the magnetization saturation of the magnetic
BC hybrid produced by our method was much higher than previous
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reports, and the mechanical properties appeared, from preliminary
studies, to be maintained or even improved under certain conditions.

2. Materials and methods
2.1. Production of BC membranes

BC pellicles were produced by cultivating the bacteria
Gluconacetobacter xylinum (strain TISTR 975), which was supplied from
the Microbiological Resources Centre, Thailand Institute of Scientific
and Technological Research (TISTR). The culture was grown in a
medium consisting of D-Glucose (10 g) (anhydrous AR, Ajax Finechem)
plus 1 g of yeast in 1L of de-ionized (DI) water. After incubating for
8 days under static conditions at 30 °C, BC pellicles with a diameter and
thickness of 5.5cm and 1lcm were harvested (Gayathry &
Gopalaswamy, 2014; Lee et al., 2017). These pellicles were purified by
boiling in DI water then soaking in 0.5M and 5 wt% NaOH for 15 min
and 24 h respectively. They were then rinsed with DI water several
times until they reached a pH of 7. Finally, BC hydrogels obtained from
this step were separated into two groups to investigate the effect of the
Fe304 MNP diffusion process into the BC nanostructure. In the first
group, the DI water in the BC hydrogels was replaced with ethyl al-
cohol. This was done by immersing the BC hydrogels in diluted ethyl
alcohol solution (25vol.%) and then transferring them to more con-
centrated alcohol solutions (50, 75, 100 vol.%). In each step, the BC
hydrogels were soaked for at least 1 h. This ethanol substituting process
was used to stimulate the diffusion rate of the ferrofluid in the BC na-
nostructure during the next step. The hydrogels were kept in the
ethanol solution prior to the synthesis of the BC/Fe;04 nanocomposites.
This group is referred to as the never-dried BC or denoted as BC-N
(ethanol gel). In the second group, BC hydrogels were freeze-dried to
obtain a BC aerogel prior to the incorporation of MNPs. The samples in
this group are denoted as BC-F. Both groups were used as a template for
preparing BC/Fe3;0,4 nanocomposites.

2.2. Synthesis of BC/Fe304 nanocomposites

The fabrication of magnetic BC composites was carried out by the
simple immersion of both BC-N and BC-F samples in a commercial
water-based ferrofluid supplied by Weistron Co. Ltd., Taiwan. The
characteristics of the ferrofluid and the distribution of MNPs used in
this experiment are shown in Table S1 and Fig. S1. Five different con-
centrations of the ferrofluid were prepared (1, 3, 5, 10 and 20 vol.%) in
40mL of water. The immersion was carried out at 80°C with con-
tinuous stirring for 1 h to accelerate the diffusion of Fe304 NPs into the
BC nanostructure. It should be noted that the process can be done at
room temperature without stirring but over an extended time-period.
After the process was completed, the pristine BC pellicles were con-
verted to BC/Fe30, nanocomposites, with their color changing to dark
brown. Finally, the obtained samples were freeze-dried, and kept in a
dry place before characterization. The samples from the BC-N and BC-F
groups were designated as BC-N-x% and BC-F-x%, respectively, with x
denoting the concentration of the ferrofluid (x = 1, 3, 5, 10, and 20).
Fig. 1 summarizes the preparation process of the samples in this study.

2.3. Characterization methods

Information on the phases and crystalline structures of the samples
was collected using X-ray diffraction (XRD) with a diffractometer em-
ploying Cu-Ka radiation (PANalytical, Empyrean, USA) in the 20 range
of 10-80°. The surface morphology of the samples and the distribution
of Fe304 NPs were observed using a field emission scanning electron
microscope (FESEM) (FEL, Helios, USA) at an acceleration voltage of
10kV. Prior to imaging with the SEM, the samples were gold coated to
improve conductivity. The functional groups of BC and the deposition
of MNPs in the BC nanostructure were investigated using Fourier
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Fig. 1. Schematic summary of the sample preparation processes.

transform infrared (FTIR) spectroscopy (Bruker, TENSOR27, Germany)
within a wavenumber range of 4000-600 cm™'. Thermal stability of
the pristine BC and BC/Fe304 nanocomposites was studied using a
thermogravimetric analysis (TGA) technique (Hitachi, STA7200, Japan)
by heating the samples from 30 to 800 °C under a nitrogen atmosphere,
at a heating rate of 10 °C/min. Preliminary mechanical properties of the
materials were obtained using a universal testing machine (UTM,
Instron 5567A) with a 20 mm sample gauge length and a 10 mm/min
testing speed. The samples used for tensile testing were cut into a rec-
tangular membrane with dimensions of 15 mm width, 40 mm length
and 0.3mm thickness. For each sample condition, between 4 and 6
replicates were used and the mechanical tests were carried out under
ambient temperature and humidity. The magnetic properties were in-
vestigated by measuring magnetization (M) versus magnetic field (H)
using a vibrating sample magnetometer (VSM) option in the VersaLab
instrument (Quantum Design, USA) under a maximum field of 30 kOe.
The M-H curves were carried out at room temperature and at 50 K. In
addition, the zero-field cooled (ZFC) and field cooled (FC) magnetic
behaviors of all samples were measured and analyzed.

3. Results and discussion
3.1. Phase and morphology

Fig. 2 shows the XRD patterns of pristine BC and BC/Fe30, nano-
composites samples. The pristine BC samples (both drying conditions)
consist of mostly crystalline phases, which was identified as cellulose L.
Three main diffraction peaks were observed at 14.0°, 16.5° and 22.3°
which were indexed as the (110), (110) and (200) reflections according
to according to (Czaja, Romanovicz, & Brown, 2004). In the composites,

BC-F-Fe;0,

as the Fe304 NPs were introduced into the system, the characteristic
peak at 35.4° corresponding to the (311) plane of the magnetite phase
(ICCD 01-089-0950) was observed even at the lowest concentration of
1% ferrofluid. The intensities of Bragg peaks from the BCN-Fe30,4-1 are
significantly stronger than for BCF-Fe304-1. At higher concentrations of
ferrofluid, almost all the characteristic peaks of Fe;O, gradually ap-
peared; peaks located at 26 = 30.0°, 35.4°, 43.1°, 57.2° and 62.6° cor-
responding to (220), (311), (400), (511) and (440) reflections of the
face-centered cubic (FCC) magnetite structure (Katepetch &
Rujiravanit, 2011; Ren et al., 2015; Zhao et al., 2016). On the other
hand, the peak intensities coming from the BC gradually decrease with
increased Fe;04 concentrations. This is partly due to the presence of the
intense XRD peaks from the crystalline Fe3O4 phase. It could also be a
result of deterioration of the BC crystallinity as the Fe;04 was in-
troduced. These two effects are difficult to distinguish. The observed
reduction of the BC diffracted peaks is commonly found in the BC/
MNPs composites in literatures (Marins et al., 2013; Mashkour et al.,
2017; Stoica-Guzun et al., 2016; Sureshkumar et al., 2010; Zhang et al.,
2011; Zheng et al., 2013). However, our results still show distinct BC
peaks even for the high MNP concentration, suggesting the preservation
of the crystal structure of BC, which could be due to the present
synthesis method. This indicates that the simple diffusion method can
produce BC/Fe30,4 composites without any secondary phase. An ad-
vantage of this method is that the other poorer magnetic phases, such as
maghemite, hematite, or FEOOH are not formed, comparing favorably
to other in situ synthesis approaches (Nata et al., 2011; Sourty et al.,
1998; Wan et al., 2015; Zeng et al., 2014).

The other feature that is noted from Fig. 2 is the difference in the
peak intensities between the two sets of samples (BC-N and BC-F). The
Fe;0,4 phase in BC-N seems to exhibit more intense Bragg peaks than
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Fig. 2. Typical XRD patterns of the pristine BC and BC-Fe304 nanocomposites for (a) BC-N and (b) BC-F. (c) The ratio of the Fe30,4(311)/BC(200) peak area as a

function of ferrofluid concentration.

the BC-F samples. To quantify this, we calculated the areas under the
main peaks of BC and Fe30,, and plotted the areal ratio of Fe304(311)/
BC(200) as shown in Fig. 2c. The BC-N samples tend to have the larger
peak areas for the Fe3O4 phase corresponding to the higher loaded
volume of the Fe;04 NPs. The underlying reasons will be subsequently
discussed.

The morphologies of pristine BC and BC/Fe3;04 composites were
investigated using SEM as shown in Fig. 3. Pristine BC nanofibers
(Fig. 3a&b) consist of an ultrafine three-dimensional network structure.
The average diameter of the BC-N nanofibrils (87.9 * 21.0nm) is
smaller than that for the BC-F sample (109.6 + 25.0 nm), due to the
different preparation method. Water in the BC-N hydrogel was replaced
by alcohol with a lower surface tension (Haynes, 2016) prior to freeze-
drying. Alcohol was then easily removed resulting in the preservation of
a nanostructure with relatively lower fiber diameters. For the BC-F
sample, the removal of water in the freeze-drying process could cause
aggregation of BC nanofibers resulting in larger diameters. Conse-
quently, the porous structure looks slightly different between the two

sample sets. The BC-F nanofibrils with a larger average diameter are
likely to have larger mean pore sizes, according to a theoretical mod-
elling of nanofibrous networks (Eichhorn & Sampson, 2005), compared
to the BC-N samples.

From images of the composite samples (Fig. 3c-I), MNPs clearly
attach to the surface of the BC nanofibers. As the concentration of the
ferrofluid was increased, more Fe;04 NPs were observed. Aggregation
of the MNPs was still observed but the degree of agglomeration was
much lower than previous reports (Marins et al., 2013; Nata et al.,
2011; Park et al., 2013; Stoica-Guzun et al., 2016; Zheng et al., 2013).
Another noticeable feature in Fig. 3 is the difference in the loaded vo-
lume of the MNPs between the BC-N and the BC-F samples. Significantly
more Fe30,4 NPs were found to be anchored to the BC nanofibrils for the
BC-N samples compared to BC-F. The higher concentration of MNPs in
the BC-N samples, as observed from the SEM images, is consistent with
the XRD analysis in Fig. 2c. The higher concentration in the BC-N
samples is thought to be mainly due to the different preparation pro-
cesses used. Since the impregnation of FezO4 NPs in the water-based



N. Sriplai et al.

.

4 "( \(
Bl N

e

-
-5% i

Carbohydrate Polymers 192 (2018) 251-262

.

Fig. 3. Typical SEM images of the pristine BC and BC-Fe304 nanocomposites for BC-N (a,c,e,g,i,k) and BC-F (b,d,f,h,j,1).

ferrofluid solution depends on the diffusion process, the diffusion path
of Fe304 between the BC-N and BC-F is thought to be different. The BC-
N templates were in a hydrogel state (ethanol gel), and the immersion
process of the ferrofluid was carried out at 80 °C which is higher than
the boiling point of ethanol. Therefore, as the ethanol gradually eva-
porates, the water-based ferrofluid can more easily infiltrate through
the liquid. The Fe;04 NPs could then be more readily absorbed to the
surface of BC nanofibers. On the other hand, the BC-F samples had
larger mean pore sizes, and so the MNPs are thought to pass through the
structure more easily without adsorption occurring. Also, there might
be trapped air in the BC-F nanostructure. For the ferrofluid to diffuse
within the BC-F structure, it must overcome the surface tension of the
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BC/air interface making it more difficult for infiltration of the Fe3z04
NPs.

3.2. FTIR analysis

The FTIR spectra of the pristine BC and BC/Fe3;0,4 composites are
shown in Fig. 4. All samples have similar spectra regardless the drying
process (BC-N and BC-F) or the concentration of MNPs. Higher re-
solution IR spectra in the wavenumber range of 3800-2600 cm ™' and
1800-600 cm ™! are shown in Fig. S2 (Supplementary Information).
There are slight variations in the intensities of the peaks, but a clear
trend is not found. Also, the positions of the peaks are not altered for all
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samples. The incorporation of the MNPs did not affect the position of
bands corresponding to the —OH groups. This finding is in contrast to
previous studies which showed a shift in the position of the —OH group
to a lower wavenumber position when MNPs were co-precipitated into
BC networks (Marins et al., 2013; Park et al., 2013; Zhang et al., 2011;
Zheng et al., 2013). The shift was thought to be due to the binding
between the Fe?* /Fe®* precursor and the —OH functional groups due
to an electrical dipole interaction. The —OH group is in turn acting as
the anchoring sites for iron ions to deposit, but it also creates regions
with a higher probability of agglomeration of MNPs. Since the shift of
the —OH group was not found in the present study, an alternative ex-
planation is required. Our method did not require the iron ion pre-
cursors but the nano-sphere of Fe;0, in a water-based solution instead.
These Fe3O4 NPs are neutral, and therefore they can easily adhere to
many different parts of the BC nanofibers, not limited to the —OH
groups. Moreover, with the simple diffusion process employed in this
study, a more uniform distribution of the magnetite NPs can be
achieved. As schematically illustrated in Fig. 4c, for the in situ co-pre-
cipitation methods, the positively charged iron ions are anchored pre-
dominantly at the —OH sites due to electrostatic forces (Hu et al.,
2014), leading to an aggregation of the NPs. On the other hand, the
Fe304 NPs in a ferrofluid, could be adsorbed all over the surface of BC
nanofibers with no preferential sites, resulting in a more homogeneous
distribution of MNPs in the composites.
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3.3. Thermal analysis

TGA data from pristine BC and the BC/Fe30,4 composites are shown
in Fig. 5. The main decomposition temperature ranges were found be-
tween 250-356 °C and 290-385 °C for the BC-N and BC-F samples, re-
spectively. The samples are relatively stable against temperature, apart
from within the decomposition temperature ranges, as can be seen from
the derivative thermo-gravimetric (DTG) analysis in Fig. S3 (Supple-
mentary Information). These temperature ranges are thought to be
characteristic of a series of reactions related to the degradation of BC
including decomposition, dehydration and depolymerization of the
glycosidic units (Lv et al., 2016; Sureshkumar et al., 2010; Vasconcelos
et al., 2017). During these events, molecular fragments such as
CH,—OH and —OH groups are thought to be removed (Wang et al.,
2012). In the composite samples, as the concentration of ferrofluid in-
creased, the residual weight at 800 °C also increased, corresponding to a
higher amount of Fe;04 NPs which was thermally stable up to 800 °C
(Cao et al., 2014). Comparing the two processing conditions, the re-
sidual weights at 800 °C of the BC-N samples are significantly larger
than those of the BC-F series (Fig. 5c). This represents a higher amount
of MNP loading in the BC matrix which is consistent with the results in
the previous sections. For a ferrofluid concentration of 20%, the re-
sidual weights were 65% and 48% for BC-N and BC-F samples, re-
spectively. The results of the TGA analysis have a direct implication on



N. Sriplai et al.

30

' T ) 1 I
-=<BC-N
=== BC-N-1%
254 - - -BC-N-20%
—BC-F 5
1 =—BC-F-1%
o 204 ——BC-F20%
o ] o
£
o 154
0
[} 1 .
=]
o 104
5 i O --" -
04 T T v T T T T
0 8 .12 16 20
Strain (%)
) Young’s
Sample Siresy  SUAING Modulus
(MPa) (%)
(MPa)
BC-N 8.7+0.6 15.246.7 57.1£0.3
BC-N-1% 8.5£2.5 193440  44.3+0.2
BC-N-20%  52+0.6  14.8£1.7  34.7£0.1
BC-F 13.745.1  9.443.4 144.6+1.1
BC-F-1%  25.8t4.6 14.1409 183.610.4
BC-F-20%  9.6+44  8.1+2.1 118.9£0.9
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the magnetic properties of the materials.

Further analysis on the temperature at which maximum decom-
position occurs (Ty.x) and the decomposition temperature intervals
(Tintervar) is presented in Fig. S3. (Supplementary Information). For the
pristine BC membranes, the BC-N sample exhibits a lower T,., but a
higher Tiyterval than found for BC-F. This could be due to the difference
in the morphology of both samples. BC-N has more open structure with
smaller fiber diameters and a larger surface area. Therefore, it can be
thermally decomposed at a lower T,,,.x compared to BC-F. On the other
hand, the pristine BC-F has a more compacted structure with probably
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stronger inter-fibrillar bonding (Figs. 3b and 7b). Though the decom-
position temperature (Tp.y) is higher, it can be decomposed over a
shorter temperature range (smaller Tiyerva))- Both BC-N and BC-F
magnetic composites show similar results. The higher concentration of
ferrofluid leads to a reduction in both Tp,.x and Tipterval. This could be
due to a contribution of the interruption of inter-fibrillar interactions as
the MNPs are impregnated in the BC nanofibrils. The results from the
thermal analysis in this section also support the interpretation of the
mechanical properties in the next section.

3.4. Mechanical properties

Fig. 6 shows the stress-strain curves for the pristine BC and BC/
Fe304 nanocomposites. An almost linear relationship between the stress
and strain is noted for the pristine BC-F samples. However, the BC-N
samples exhibit strain hardening, whereby the slope of the curves in-
creases after an initially “flat” region. The BC-N samples appear to
exhibit much poorer mechanical properties (lower strength and Young’s
modulus) than the BC-F samples. For the BC-N series, incorporating
higher concentrations of FesO, NPs results in a reduction in both
strength and Young’s modulus. The reduction of the mechanical prop-
erties in BC/Fe30,4 nanocomposites has also been reported in the lit-
erature (Mashkour et al., 2017; Zheng et al., 2013). However, the strain
to failure was increased as a small amount of MNPs was incorporated
into the BC-N nanostructure (BC-N-1%). On the other hand, for the BC-F
samples, impregnating a small amount of ferrofluid (BC-F-1%) causes
an increase in strength, Young’s modulus and strain to failure; adding
an excess amount of ferrofluid (BC-F-20%) led to slightly reduced me-
chanical properties.

To better understand the changes in mechanical properties, and
their relationship to the preparation conditions and nanocomposite
effects, the cross-sectional morphology of the samples was observed
using SEM (see Fig. 7). The large black arrows represent the stretching
direction in Fig. 7. Firstly, comparing the BC-N and BC-F samples,
particularly the pristine BC (Fig. 7a&b), the structure of the BC-N
samples is observed to contain more uniformly open spaces. The BC-F
samples had a more compacted layer-like structure. The uniform na-
noporous structure was found to have collapsed in the BC-F samples.
The underlying reason for this was probably due to the preparation
process. In the BC-N samples, the water in the hydrogel was replaced by
alcohol prior to the freeze-drying process. Due to the low boiling point

E

: 10

Fig. 7. Typical cross-sectional SEM images of (a) BC-N, (b) BC-F, (c) BC-N-1%, (d) BC-F-1%, (e) BC-N-20%, (f) BC-F-20%. The black arrows on both sides of the
images show the direction of the tensile deformation.
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Fig. 8. Typical magnetization curves (M-H) of the pristine BC and BC/Fe30,4 nanocomposites for (a) BC-N samples and (b) BC-F samples. (c) M; extracted from (a) and
(b) plotted as a function of ferrofluid concentration. (d) The M value as a function of residual weight of BC/Fe304 nanocomposites at 800 °C.

and surface tension of ethyl alcohol (Haynes, 2016), it can be easily
removed without affecting the nanostructure of the BC pellicle. Water
in the BC-F samples needed to be freeze-dried out directly, and so it was
not as easy to remove water without collapsing the structure. There is a
higher interfacial energy between BC and water (Olsson et al., 2010; Sai
et al.,, 2015; Zhang et al., 2011), leading to the distortion of the BC
nanostructure. Some of the initially open pores collapsed during drying,
and the nanofibers aggregated into a layered-like structure. However,
these compacted and bundled nanofibers parallel to the stretching di-
rection in the BC-F samples resulted in stronger materials due to the
increased number of fibril-fibril interactions (see Fig. 6).

Fig. 7c&e shows the cross-sectional morphology of the BC-N/Fe304
composites. As the MNPs were introduced to the system, the 3D net-
work of nanofibers of BC was still preserved. However, with Fe30, NPs
covering the surfaces of the nanofibers, it is thought that they may have
reduced the inter-fibrillar bonding, thereby possibly reducing the
strength of the nanocomposites (Mashkour et al., 2017). The effect is
more pronounced for higher Fe;04 concentrations, as shown in Fig. 6.
Nevertheless, the strain to failure was increased by the incorporation of
a small amount of MNPs, presumably due to the interruption of inter-
fibrillar interactions. This mechanism could be the reason why the
materials display excellent flexibility. For the BC-F nanocomposites, as
a small amount of MNPs were incorporated, the morphology of the
sample consisted of an even more compacted layered-like structure
parallel to the tensile stress direction (Fig. 7d). This more densely
packed structure resulted in a stronger material (Fig. 6). Nevertheless,
an excess of Fe30, NPs destroyed the layer-like structure (Fig. 7f), re-
sulting in reduced mechanical properties.

The stiffness and flexibility of the magnetic BC membranes was
demonstrated, as shown in Fig. S4 and Movie S1 in the Supplementary
Information. The materials can be rolled into a cylindrical shape, or
folded in both directions. Importantly they can be returned in their
original shape without any noticeable damage. This elastic deformation
can be repeated several times, showing the excellent mechanical dur-
ability of the BC magnetic nanocomposites.

3.5. Magnetic properties and responses

Magnetic M-H curves at room temperature are shown in Fig. 8. The
pristine BC samples (both BC-N and BC-F) exhibited non-magnetic be-
havior as expected. Incorporating Fe;O, NPs results in super-
paramagnetic properties, ferromagnetic behavior with a diminishing
loop width, due to the nanosize of the magnetite particles. The sa-
turation magnetization (M) of the nanocomposites increased mono-
tonically as the concentration of ferrofluid increased. The highest M
value of 53.6 emu/g was found for the BC-N-20% sample which is
equivalent to 86.5% of the dried ferrofluid (M = 62.0 emu/g). The M;
value for the BC-N series was found to be considerably higher than that
of the BC-F series for all ferrofluid concentrations (Fig. 8c). This is also
related to the higher concentration of Fe304 NPs in the BC-N samples as
previously discussed. Comparing Fig. 8c with Fig. 5c, there is a corre-
lation between M and the residual weight which can be explicitly ex-
pressed as shown in Fig. 8d. A linear relationship between M; and the
residual weight is clearly observed, irrespective of the sample pre-
paration method. It is therefore inferred that the magnetization of the
BC nanocomposites only depends on the concentration of the magnetite
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NPs.

The M; values of the magnetic BC composites in the present work
are significantly higher than many other published values for magnetite
NPs in BC. For instance, maximum magnetizations of only about
10 emu/g (Park et al., 2013), 14 emu/g (Zhang et al., 2011), 18 emu/g
(Sureshkumar et al., 2010) M. and 28 emu/g (Katepetch & Rujiravanit,
2011) in BC/Fe30,4 nanocomposites prepared by the in situ co-pre-
cipitation have been previously reported. The higher M values provides
advantages, such as greater sensitivity and response to external mag-
netic fields. These properties make the present magnetic BC membrane
very useful for a variety of applications. The only higher Ms than the
present work was reported by Marins et al.; an Ms of ~60 emu/g
(Marins et al., 2013). In their work, a significantly large concentration
of MNPs was incorporated into the composites. The concentration of
NPs was so overwhelming that the BC nanofibrils were not visible under
SEM investigation. Such a large quantity of NPs in the BC nanostructure
could significantly deteriorate the mechanical properties of the mag-
netic BC nanocomposites. In addition, the BC/Fe30,4 nanocomposites in
the present work exhibit magnetic stability over a very long period of
time. As shown in Fig. S5 (Supplementary Information), the M; values
of all samples are retained even after a period of more than 6 months.
The stability of these magnetic properties over a long-time period could
be very useful for applications.

Magnetization curves at low temperature (50 K) were measured as
shown in Fig. 9. The M, value was enhanced at low temperature due to
the suppression of thermal fluctuations. For example, the M; of BC-N-
20% was increased from 53.6 emu/g at 300K to 61.8 emu/g at 50K,
equivalent to a 15% increase. Furthermore, hysteresis loops were found
at 50 K. This is a characteristic of ferromagnetic properties which infers
that the phase transition temperature (from superparamagnetic to fer-
romagnetic) must be somewhere between 300 and 50 K. To obtain that
information, ZFC-FC experiments were carried out and the results are
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shown in Fig. S6 (Supplementary Information). Normally, from ZFC-FC
curves of nanoparticle/nanocomposites, two temperature parameters
can be extracted: the magnetic irreversibility temperature (T;,) at
which the ZFC and FC curves merge, and the blocking temperature (T)
at the maxima of the ZFC curve. In the present study, the T, is out of
the range of the experiment (> 400 K) but the Tj could be extracted as
shown in Fig. S6 (Supplementary Information). Ty is the transition
temperature above which the NPs are in the superparamagnetic phase,
and below which the NPs are the ferromagnetic phase. In all nano-
composite samples, T was found to be in the range of 261-286 K. These
values are consistent with the M-H curve measurements, where at 300 K
(above Tg) the samples show superparamagnetic behavior (no loop) but
at 50K (below Tg) ferromagnetic hysteresis loops were observed. The
blocking temperatures found this experiment are somewhat higher than
the in situ synthesis system (50-100K) (Zeng et al., 2014). This is un-
derstandable from the difference in the nanoparticle sizes since Ty is
directly proportional to the volume (V) of the NPs according to the
equation K,,V/kgTp = 25, where K, is the magnetic anisotropy constant,
and kg is Boltzmann’s constant (Spaldin, 2003). Using the measured
value Tp of 280K and particle diameter of 20 nm, K,, was found to be
2.31 x 10° erg/cm®, which is in close agreement with a literature value
for this constant (2.64 x 10° erg/cmB) (Linh, Manh, Phong, Hong, &
Phuc, 2014).

The response to external fields of magnetic BC membranes were
demonstrated as shown in Fig. 10 (and Movie S2, Supplementary In-
formation). The materials can be easily lifted up by or bent towards a
magnet and returned to their original shape once it is removed. In
addition, the magnetic BC membrane was demonstrated for a sponta-
neous response to an alternating magnetic field. As shown in Fig. 10
(and Movie S3, Supplementary Information) the magnetic membrane is
shown to oscillate with an alternating magnetic field generated by a
permanent magnet attached to a 100-Hz vibrator. This demonstrates



N. Sriplai et al.

Carbohydrate Polymers 192 (2018) 251-262

(b)

.
Magnet » »

Fig. 10. Response of the magnetic BC membrane to external magnetic fields: (a) lift up by a magnet, (b)&(c) subjected to an alternating magnetic field, (d)-(f)

bendability towards a magnet.

both the quick response to external magnetic fields and the high flex-
ibility of the magnetic BC membrane which could have various po-
tential applications, such as magnetic actuators, switches, sensors, or
diaphragms.

4. Conclusions

In summary, a facile approach to fabricate BC/Fe;04 nanocompo-
sites by a simple diffusion process was successfully demonstrated. The
existence of both the crystalline BC phase and the magnetite phase in
the composites was confirmed. Increasing the concentration of ferro-
fluid resulted in a higher concentration of the Fe3O4 NPs. With the
present method, the MNPs were uniformly dispersed on the BC nano-
fibrils’ surfaces, and the degree of agglomeration was much less than
previously published research. The diffusion process of Fe3O4 NPs en-
abled them to be adsorbed to the fibrils’ surfaces, but this was not
limited to the —OH functional groups. The preparation process prior to
ferrofluid diffusion had a substantial effect on the characteristics of the
nanocomposites. For the BC-N samples, higher concentrations of MNPs
was achieved, due to the ease of diffusion of Fe;0, NPs in the liquid
solutions. This, in turn, led to a higher magnetization and therefore
higher sensitivity to external magnetic fields. Our preliminary me-
chanical testing has shown that higher properties were obtained for the
BC-F samples due to their more compacted structure. The magnetic
membranes based on BC/Fe;0,4 nanocomposites were demonstrated to
show high flexibility and durability, and were also highly responsive to
both static and alternating external magnetic fields. This enables the
usage of the magnetic BC membranes for many applications such as
actuators, switches, sensors, flexible data storages or diaphragms.
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A newly proposed idea for the fabrication of white magnetic paper is presented. These papers are fabricated
from a layered composite of bacterial cellulose (BC) sheets. Magnetic BC sheets are prepared by the
incorporation of CoFe,O,4 nanoparticles (NPs) in the BC structure (MBC). White BC sheets were formed by the
impregnation of ZnO NPs in the BC nanofibrils (ZBC), and then forming a ZBC/MBC/ZBC sandwich structure.
This structure was then hot-pressed to obtain white magnetic paper. The fabricated magnetic BC paper
exhibits a ‘whiteness’ of over 80%, with a high reflectance of over 70% in the visible spectral range. XRD and
SEM analysis confirmed the presence of the BC, CoFe,O4 and ZnO phases in the white magnetic paper. The
whiteness of the paper is improved further with a higher concentration of ZnO NPs, but at the cost of a
reduction in the mechanical properties. Magnetic hysteresis was observed in the fabricated white magnetic
paper with a saturation magnetization of ~20 emu g™, comparable to the literature values for black magnetic
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Introduction

Cellulose is an almost inexhaustible resource and a key source
of sustainable materials on an industrial scale." The use of
fillers in a cellulosic paper network can deliver some unique
functions which are not available in its pristine form.” In
particular, magnetic cellulosic papers, in which magnetic particles
are incorporated into the fibrous network structure, have attracted
great attention from many research groups due to their potential
uses in a wide range of technological applications, e.g. information
storage, electromagnetic shielding, security paper, magnetographic
printing, and magnetic filtering.*®

Recently, several researchers have focused on magnetic
papers or magnetic membranes based on a bacterial cellulose
template. Bacterial cellulose (BC) is a form of the material with
a microbial origin. It is commonly produced from the cultivation of
a particular type of Gram negative bacteria e.g. Gluconacetobacter
xylinum. The material typically consists of a network of nanofibers
with large porosity. Bacterial cellulose has a number of advantages
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use as security paper or in anti-counterfeiting applications.

over plant celluloses, such as its high purity, high water absorbency,
excellent biological affinity, and remarkable mechanical pro-
perties.”™ A number of studies on magnetic BC papers, films
or membranes, synthesized by an in situ synthesis method,
have been published.>° For instance, Olsson et al. fabricated
flexible magnetic aerogels and stiff magnetic nanopapers using
BC nanofibrils as templates.>' They in situ synthesized CoFe,0,4
nanoparticles (NPs) in freeze-dried BC membranes, which
exhibited both excellent mechanical and magnetic properties.**
In other research, flexible BC/permalloy nanocomposite xerogel
sheets were fabricated by in situ co-precipitation of FeNi; NPs.?>
Due to the metallic behavior of FeNis, the xerogel sheets showed
both ferromagnetic and electrically conductive behavior. Lim et al.
fabricated flexible magnetic papers by incorporating barium
hexaferrite nanoplates in a BC matrix.” The resultant product
exhibited strong ferromagnetic properties and improved
mechanical properties.

One obvious disadvantage of magnetic paper, when using
either a plant cellulose base or a BC base, is the diminishing
whiteness of the sheet. The magnetic papers in all of the above
mentioned publications had dark colours.”®">7>*> White papers
are commonly used in various applications**** but the intro-
duction of magnetic particles typically destroys the whiteness,
turning them black, or reddish-brown depending on the type of
magnetic particles used. Non-magnetic papers, such as flexo and
offset, also require a high degree of whiteness. Discolouration is
inevitable, since in ferromagnetic transition metals or oxides the
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Fermi level lies in the spin-splitted spd hybridization band;
whiteness is typically found in a material with a large band gap.
The diminished white colour appearance limits the uses of the
magnetic papers. Another downside to the introduction of inorganic
fillers in paper is the loss of strength of the sheet, something which
is avoided in common printing paper (e.g: newsprint).

Some research has been reported on attempts to produce
white magnetic paper, or improve the whiteness of magnetic
paper. For instance, Gao et al. prepared magnetic paper by
mixing Tb-based magnetic glass particles with hardwood
chemical pulp by a lumen loading process.”> The whiteness
of the magnetic papers was found to be greater than 80%, even
with the addition of more than 50 wt% of magnetic particles.
However, the papers in this work were paramagnetic, with very
low magnetization (~0.1 emu g~ '), which cannot really be used
in magnetic applications. Another example is the work carried
out by Mo et al. who reported the addition of surface-modified
graphene oxide (GO) coated magnetic particles incorporated into
an oven-dried bamboo pulp.?® The presence of GO improved the
strength properties of the paper, but reduced the whiteness to
below 70%, even for a small addition of GO (1.5 mg mL™%).
Again, paramagnetism was observed, when Tb-based magnetic
glass particles were used in a similar approach to Gao et al.>®
Alternatively, Pacurariu et al. synthesized y-Fe,03/SiO, core shell
NPs as possible candidates for magnetic paper pigments.>”
A SiO, shell coated on a y-Fe,O; core helped improve the
whiteness of the particles, but at the cost of a reduction in the
saturation magnetization (M, = 0.8 emu g~ '). However, only
magnetic NPs were studied in this work, and magnetic papers
were not fabricated. For magnetic paper based on BC, Zeng et al.
have reported the synthesis of Fe,O; NP impregnated BC films
with the aid of microwave-assisted thermal decomposition.>®
Ferromagnetism was observed in the synthesized papers, and
the transparency was improved when a low concentration of NPs
was used. The appearance of the paper was however far from
white; the samples look reddish-brown or light-gold at best.
Similarly, Barud et al. prepared flexible magnetic paper by the
incorporation of well dispersed PEG-Fe,O; in a BC matrix.®
A light brown colour was obtained, with a low Fe,O; concen-
tration, but darker shades were observed as more Fe,O; NPs
were introduced.

In the present work, we propose a new concept for the
fabrication of white magnetic paper based on BC templates,
by using a composite approach to their production. A magnetic
BC network is sandwiched between two white BC network
layers, composed of BC plus ZnO NPs. Using this simple
approach, ferromagnetic papers with preservation of the white-
ness, can be fabricated. As far as we are aware, this is a novel
approach and has not been previously reported.

Experimental
Materials

The chemicals used for fabricating magnetic BC papers were iron(ur)
chloride hexahydrate (FeCl;-6H,0, reagent grade, Sigma-Aldrich),
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cobalt(n) chloride hexahydrate (CoCl,-6H,0, reagent grade, Ajax
Finechem), Zn(u) chloride (ZnCl,, reagent grade, Rankem),
sodium hydroxide (NaOH, 99%, RCI Labscan), yeast extract
powder (Himedia) and p-glucose (anhydrous AR, Ajax Finechem).

Production of BC membranes

BC membranes were produced by cultivating the bacteria
Gluconacetobacter xylinum (strain TISTR 975), supplied by the
Microbiological Resources Center, Thailand Institute of Scientific
and Technological Research (TISTR). The medium used in the
bacteria culture consisted of 100 g of p-glucose and 10 g of yeast
extract in 1 L of de-ionized (DI) water (GYE medium). After
incubating in an incubator (Termaks, KBP-6395F) for 3 days
under static conditions at 30 °C, BC pellicles with a thickness
around 0.3 cm were harvested and purified in boiling DI water.
They were then soaked in 0.5 M and 5 wt% NaOH for 15 min and
24 h, respectively. To ensure that no contamination occurred,
the BC pellicles were rinsed further with DI water several times
until a pH of 7 was reached. Finally, BC hydrogels obtained from
this step were either kept under this condition (never-dried state)
or in a freeze-dried (FD) state for the synthesis of nanocomposites
in the next step.

Preparation of BC nanocomposites

Two nanocomposites were fabricated; namely BC + magnetic
NPs, and BC + ZnO NPs. The former is labelled as MBC and the
latter as ZBC. To synthesize MBC, co-precipitation between
CoCl,-6H,0 and FeCl;-6H,O in the presence of the FD-BC
template was carried out using NaOH as a reducing agent.
Firstly, 0.05 M of CoCl,-6H,0 and 0.10 M of FeCl;-6H,0 were
dissolved in 50 ml of DI water. The FD-BC was soaked in the
prepared solution which was then heated to 60 °C and held for
4 h. After that, 100 ml of 1.2 M NaOH was added to convert the
metallic ions into cobalt ferrite (CoFe,O,4) NPs according to the
chemical reaction:

CoCl,-6H,0 + 2FeCl;-6H,0 + 8NaOH — CoFe,O, + 8NaCl + 22H,0

1)

The products were rinsed with water several times to remove
unwanted materials until a pH of 7 was reached. The MBC was
obtained in the form of a hydrogel.

For the synthesis of ZBC, ZnCl, was dissolved in 50 ml of DI
water. The never-dried BC pellicles were then immersed in the
zinc chloride solution for 24 h before soaking in NaOH solution at
55 °C for 1 h with continuous stirring. The BC + ZnO nano-
composites were formed according to the chemical reaction:

ZnCl, + 2NaOH — ZnO + 2NaCl + H,0 (2)

The effect of ZnCl, concentration on the whiteness of the
samples was also explored. Two ZnCl, concentrations were
used, 0.05 M and 0.10 M, for this purpose. The nanocomposite
samples from these two concentrations were labeled as ZBC(1)
and ZBC(2). The final products were then rinsed with water
several times to obtain the ZBC hydrogels.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic of the synthesis process for white magnetic paper based on magnetic BC nanocomposites.

Fabrication of magnetic papers

Magnetic papers in this work were fabricated by hot-pressing
BC hydrogels in an oven at 80 °C for 24 h. Four types of papers
were prepared: BC/BC paper, MBC paper, BC/MBC/BC composite
paper, and a ZBC/MBC/ZBC composite paper. For BC/BC and MBC
paper, two layers of BC or a one-layer MBC sheet was compressed.
In the case of BC/MBC/BC or ZBC/MBC/ZBC composite paper, an
MBC sheet was sandwiched between BC or ZBC sheets before hot-
pressing (0.2 MPa at 80 °C). The final thickness was approximately
0.03 mm per sheet. The amount of the retained mineral particles
in the BC sheets was determined by thermogravimetric analysis
(TGA) (Hitachi, STA7200). There are approximately 43 wt% of
CoFe,0O, NPs in the MBC sheet, and 24 wt% and 39 wt% of ZnO
NPs in the ZBC(1) and ZBC(2) sheets, respectively.

The fabrication process for these materials is summarized in
Fig. 1.

Characterization of the samples

The whiteness of the papers was measured at the Department of
Science Service, Ministry of Science and Technology, Thailand,
according to the ISO 11476:2010 standard. A UV-visible spectro-
meter (Shimadzu, UV-3101PC) was used to collect the optical
absorption spectra in the wavelength range 200-800 nm. X-ray
diffraction (XRD) was carried out using a diffractometer employing
Cu-Ko radiation (PANalytical, Empyrean) in a 260 range of 5-80° to
collect the information on the NPs’ phases and crystalline struc-
tures. A field emission scanning electron microscope (FESEM)
(FEI, Helios) was used to observe the surface morphologies and
cross-sectional images of the samples. Prior to imaging with the
SEM, the samples were gold coated to improve conductivity. For
the mechanical properties tests, the tensile strength was measured
using a universal testing machine (UTM, Instron 5567A) with a
20 mm sample gauge length, a sample width of 15 mm and a
20 mm min~ " testing speed. All tensile testing was conducted
at 25 °C and 55% humidity. Tensile index was calculated
according to the TAPPI T 494 standard. The tear index was
tested at the Department of Science Service, Ministry of Science
and Technology, Thailand, according to ISO 1974:2014. Magnetic
properties were investigated by measuring magnetization (M) versus
magnetic field (H) using a vibrating sample magnetometer (VSM)

This journal is © The Royal Society of Chemistry 2018

option in a VersaLab instrument (Quantum Design, USA) under a
maximum field of 20 kOe.

Results and discussion

Fig. 2 shows photographic images, without any colour adjustment,
of the fabricated BC paper samples. The BC/BC paper shows a faint
white colour with some degree of opacity. As expected, the
introduction of magnetic NPs turned the MBC sample black, on
account of the colour of the CoFe,O, powder. For the BC/MBC/BC
composite, since the MBC was covered with a layer of a transparent
BC, the dark colour of the interior layer can still be visible. Thus,
the composite appears light gray, on account of the combined
colour of both MBC and BC. Although the colour appearance of
the BC/MBC/BC composite has improved significantly (much
whiter than MBC), it is still far from the shade of normal white
paper. Finally, the ZBC/MBC/ZBC sample exhibits a much whiter
colour, due to the whiteness of ZnO NPs. This sample looks similar
to normal white paper.

To quantify the level of whiteness, a test according to the ISO
11476:2010 standard was performed, the results of which are
presented in Fig. 3a. The whiteness of the BC/BC paper is
relatively low (~32%), and introducing the magnetic NPs
resulted in decreased whiteness (~27%) for the MBC paper.
On the other hand, the ZBC/MBC/ZBC composite papers exhibit
whiteness greater than 75%. In particular, for a higher concen-
tration of ZnO, the ZBC/MBC/ZBC(2) exhibits a whiteness of
nearly 85%. This suggests that using a more concentrated ZnO
content can improve the whiteness of the paper. This increase

ZBC/MBC/ZBC

Fig. 2 Images of the synthesized samples. A one-pound coin is used as a
scale bar (far left) and a colour indicator. This figure is shown without any
colour adjustment.

BC/MBC/BC
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Fig. 3 Measurements of (a) the whiteness and (b) the UV-vis reflectance
for the BC based papers.

in whiteness however comes at the cost of a reduction in the
magnetization, and inferior mechanical properties. Compared
to other published works, the whiteness of our magnetic paper
is higher than the literature values for magnetic papers where
Th-based magnetic glass NPs were employed.>*® The UV-visible
spectra in Fig. 3b also confirm the photographic images and
whiteness tests. Within the visible spectral range (400-700 nm),
the reflectance of the BC/BC paper is approximately 30-35%
corresponding to an opaque white appearance, as seen in Fig. 2.
The addition of CoFe,0, significantly suppressed the reflectance
in the visible (and UV) ranges, resulting in a black appearance to
the MBC paper. This is due to the very low reflectance of CoFe,O,
NPs in the visible range, as has been previously reported.*®
However, incorporation of ZnO NPs in the ZBC/MBC/ZBC nano-
composites results in a substantial increase in the reflectance in
the visible range, but a reduced reflectance in the UV range
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compared to the pristine BC paper. This is to be expected, since
the ZnO nanostructures have been reported to exhibit very high
reflectance in the visible range.*>*' The observed high light
absorption in the UV region (at wavelengths below 356 nm)
is probably due to the ZnO band gap, which is a common
characteristic of these NPs.>” It is also known that the size of
ZnO particles has an effect on the UV light absorption properties,
this being one of the principles behind sunscreens. As previously
reported, the UV absorbance of ZnO NPs (in the size range above
the quantum limit) increases with increasing particle sizes.>?
Increasing the concentration of ZnO (ZBC/MBC/ZBC(2)) led to
higher reflectance in the visible region, compared to ZBC/MBC/
ZBC(1), corresponding to an increase in whiteness as shown in
Fig. 3a. These results verify our proposed concept idea showing
that we can successfully produce white magnetic paper based on
BC nanocomposites.

To obtain information on the phase formation in the BC
papers, XRD patterns were collected, the results of which are
shown in Fig. 4 along with reference patterns for ZnO and

= CoFe,O, 4Zn0O
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Fig. 4 Typical XRD patterns for the synthesized samples showing the
mixed phases in the nanocomposite samples.
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CoFe,0,. For the pristine BC paper, only three diffraction peaks
corresponding to (110), (110) and (200) reflections of the BC
crystalline structure were observed.>® In the MBC sample, the
combined XRD peaks from both BC and CoFe,0, crystalline
phases were observed, indicating a successful incorporation of
cobalt ferrite NPs in the BC network structure. The reduction in
the peak intensities from the BC was possibly caused by the
intense reflection from the CoFe,O, NPs, and even the deteriora-
tion of the BC’s crystallinity, as the CoFe,O, NPs were introduced.
These observations have been previously reported.®'*'*1%1819 gor
the composite papers, the BC/MBC/BC sample again shows the
presence of both BC and CoFe,0O, phases, but the peaks for the BC
phase are more intense than for the cobalt ferrite phase. The
reason for this increase in intensity could be that it is a sandwich
structure, and so there is a larger scattering volume from the top
BC layer, resulting in more intense reflections from this material.
The scattering volume of the CoFe,O, phase is comparatively low
compared to the BC layers, and so reduced intensity XRD peaks are
observed for this material. For the white ZBC/MBC/ZBC paper, the
mixed crystalline phases of BC, CoFe,O4, and ZnO can all be
identified. Strong reflections from the BC as well as those from
ZnO were observed; this indicates that the structure of the BC was
not significantly affected by the incorporation of ZnO NPs. This
result is similar to that obtained for BC-ZnO nanocomposites.>>¢

Typical SEM micrographs of the plan-view images of the BC
paper and MBC paper are shown in Fig. 5a and b, respectively.
In order to image the inner structure of the fibrillar network,
the top surface was peeled off before SEM imaging. The BC
paper consists of numerous nanofibers woven randomly in the
plane. The diameter of each fibril is of the order of ~100 nm.
On the other hand, the SEM image of the MBC paper showed
that CoFe,O, NPs were coated on the surface of the BC
nanofibrils. The NPs were distributed evenly all over the BC
structure, indicating a homogeneous synthesis of the cobalt
ferrite NPs in the BC network template. Unlike FD samples,
where a porous structure is preserved,®'>*! the porous structure

i

Fig. 5 Typical SEM images of the plan-view of (a) BC/BC and (b) MBC
samples, and cross sections of (c) BC/MBC/BC and (d) ZBC/MBC/ZBC
samples.

This journal is © The Royal Society of Chemistry 2018
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in BC is found to have collapsed due to the hot-pressing process
to form the paper sheet. This resulted in very dense samples with
few pores in the nanometer range. Fig. 5¢ shows an image of the
cross section of the BC/MBC/BC composite paper. The thickness
of each layer is ~20 um. The composite sheets are not well
attached to one another, and clear interfaces are visible between
the layers. On the other hand, the cross-sectional image of the
ZBC/MBC/ZBC paper (Fig. 5d) shows that the nanocomposite
BC sheets are seamlessly joined, probably due to fibril-fibril
bonding induced in the dried state. The difference between the
cracked interfaces of the BC/MBC/BC paper and the seamless
interfaces of ZBC/MBC/ZBC paper can possibly be explained as
follows. It is well known that BC has a large number of labile
-OH groups on its surface,' making it negatively charged.
During the in situ synthesis process, either CoFe,O, or ZnO
NPs are thought to anchor to these -OH sites leading to the
neutralization of the BC nanocomposite. The BC/MBC interface
thus consists of one negatively charged BC sheet and another
neutral MBC sheet, and hence cannot bond very well. On the
other hand, the ZBC/MBC interface can be bonded better due to
no charge difference.

The mechanical properties of the BC papers are shown in
Fig. 6. It is clear that both the tensile index and tearing index
(Fig. 6a) of the BC/BC sample is the highest amongst the
sample set. It is also very ductile and highly flexible (strain
>20%, cf. Fig. 6b). This is due to the excellent mechanical
properties of the pure BC membrane."””” Fig. 6b shows the
typical stress-strain curves of the BC-based papers. All curves
exhibit typical non-linear stress-strain behavior. The MBC sample
exhibited the lowest tensile and tearing indices. Incorporation
of magnetic NPs in the BC structure generally deteriorates the
BC network strength,”®'*'® partly due to the modification of
the BC functional groups,® but also due to the interruption of
the inter-fibrillar bonding."* Furthermore, the MBC becomes
very brittle with a very limited flexibility (strain <2%, cf.
Fig. 6b). The mechanical properties of the sandwich-structure
paper, BC/MBC/BC, were much enhanced compared to those of
the MBC sample. This is understandable since in the sandwich
structure, there are two sheets of pure BC which help to retain
flexibilty. Introducing ZnO in the BC structure (ZBC/MBC/
ZBC(1)) results in a decrease in the mechanical properties.
Again, it is thought that the presence of ZnO NPs causes a
reduction in inter-fibrillar bonding.*'* Using higher concentrations
of ZnO NPs (ZBC/MBC/ZBC(2)) leads to a further reduction in
mechanical properties. As mentioned previously, impregnation of
ZnO improved the whiteness of the magnetic paper; the more
concentrated the ZnO particles, the whiter the paper becomes, but
at the cost of a reduction in mechanical properties.

Measurements of the magnetic properties of the BC based
papers are presented in Fig. 7a. As expected, pristine BC does
not exhibit ferromagnetic behavior. For other samples, mag-
netic hysteresis loops are observed. The inset to Fig. 7a shows
the difference in the height and width of the loops. Therefore,
we extracted the saturation magnetization (M), the magnetic
remanence (M,) and the coercvity (H.) from the hysteresis
loops, which are presented in Fig. 7b. The largest values of
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Fig. 6 (a) Tensile indices and tearing indices of the magnetic BC papers;
(b) typical stress—strain curves for the samples.

M, M, and H. belong to the MBC paper due to the highest
portion of the magnetic NPs in these samples. These values are
reduced in the BC/MBC/BC and ZBC/MBC/ZBC samples since
the weight fraction of the magnetic cobalt ferrite was diluted
with non-magnetic phases (BC and ZnO). Interestingly, the
white magnetic paper (ZBC/MBC/ZBC(1)) in the present study
shows a relatively large M, value of ~20 emu g, comparable,
if not higher than some literature values for the black magnetic
BC membranes (~8-26 emu g ').”">'7'®?? This shows that
this sample has very favourable magnetic properties, and can
be highly sensitive to an external magnetic field which could be
exploited in several potential applications.

To demonstrate the magnetic responsive behavior of the
white magnetic paper, the ZBC/MBC/ZBC(1) sample was tested
with a permanent magnet. As shown in Fig. 8, it is easily bent
towards or can be lifted by a magnet. The magnetic paper in
our work is highly responsive to an external magnetic field
similar to other reports®'>4181921.22 h;t most distinctly and
importantly it retains its white appearance. Moreover, Fig. 9
illustrates the flexibility and foldability of the white magnetic
paper. Fig. 9a shows that the fabricated paper in this work can
be rolled just like normal paper. It can be also folded into
an origami swan starting from the 3-cm-square sheet (Fig. 9b).
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Fig. 7 (a) M—H curves of the synthesized samples, with a magnified
view in the inset; (b) Mg, M, and H. parameters extracted from the M—H
curves.

As demonstrated in Fig. 9c and d, the origami swans made
from our white magnetic paper are visually indistinguishable
from the swans made from normal white paper, but can
be identified by their magnetic properties. This experiment
suggests a variety of applications for such white magnetic
paper, for example, as security paper or in anti-counterfeiting
applications.

Finally, a printing test was demonstrated using the fabricated
white magnetic paper in this work as a substrate. As shown in
Fig. 10, the image printed on the ZBC/MBC/ZBC(1) paper was
almost indistinguishable from the same image printed on a
standard A4 80 gsm paper. The printed white magnetic paper is
however magnetic. This demonstrates the printability of the
white magnetic papers in this work, while also maintaining their
magnetic properties. These properties make them comparable to
a one-sided white magnetic paper commercially available on the
market (for example, the Quirkii® product). However, the com-
mercial one-sided white magnetic paper is based on a bound
system (embedded magnetic particles in a rubber sheet) adhe-
sively attached to the sheet. Although it is very useful for printing
or sticking notes on metallic surfaces, or for education, it is
visually different to normal A4 paper. Our white magnetic paper,
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Fig. 8 Magnetic response of the white magnetic paper (ZBC/MBC/ZBC)
to a permanent magnet: (a—c) bending towards the magnet, (d and e)
magnetic lifting.
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Fig. 9 (a) Demonstration of the flexibility of the white magnetic paper,
and (b-d) foldability of the paper to form the white origami swan. The
swan made from the BC magnetic paper looks just like those made from
normal papers but can be separated by a magnet.

on the other hand, looks very similar to normal white paper, so
that it can be used in many different applications. Moreover, the
price of the commercial product is relatively high (~$4.8 per
1 A4 sheet). The cost for the fabricated sample in the
present research is estimated to be less than $3 per A4 sheet,
and this cost could be much lower when produced on an
industrial scale.

This journal is © The Royal Society of Chemistry 2018

Paper

Fig. 10 (upper) Demonstration of the printability of the white magnetic
paper (right), compared to the same image printed on standard A4 80 gsm
paper (left). (lower) The printed white magnetic paper can be lifted by a
magnet.

Conclusions

White magnetic paper, based on a composite sandwich struc-
ture comprising a ZBC/MBC/ZBC sheet, has been fabricated
using a nanocomposite approach and by hot-pressing. A white
colour appearance was observed for these materials, just like
normal paper, with a whiteness of 75-85% corresponding to
high reflectance in the visible range. XRD analysis showed the
formation of the ZnO and CoFe,0, phases in the BC nanofi-
brillar network structure. SEM micrographs showed that there
was a homogeneous distribution of CoFe,0, NPs coated on the
BC nanofibers’ surfaces, and the seamless interfaces between
ZBC and MBC layers. The mechanical properties were signifi-
cantly reduced for the MBC single sheet but enhanced for the
ZBC/MBC/ZBC composite papers. The white magnetic paper
also exhibited flexibility, rollability and foldability, just like
normal paper. Magnetic measurements showed a ferromag-
netic property with a relatively large value of M, (~20 emu g™ ).
This value corresponded well with the magnetic responsive
behavior of the fabricated paper to an external magnetic
field. The combined characteristics of the white appearance,
magnetic sensitivity and good mechanical properties make our
newly proposed white magnetic paper potentially useful in a
wide range of applications.
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Since the discovery of the spin Seebeck effect (SSE) in 2008, it has become one of the most active topics in
the spin caloritronics research field. It opened up a new way to create the spin current by a combination
of magnetic fields and heat. The SSE was observed in many kinds of materials including metallic, semi-
conductor, or insulating magnets, as well as non-magnetic materials. On the other hand, carbon-based
materials have become one of the most exciting research areas recently due to its low cost, abundance
and some exceptional functionalities. In this work, we have investigated the possibility of the SSE in bulk
carbon materials for the first time. Thin platinum film (Pt), coated on the smoothened surface of the bulk
carbon, was used as the spin detector via the inverse spin Hall effect (ISHE). The experiment for observing
longitudinal SSE in the bulk carbon was set up by applying a magnetic field up to 30 kOe to the sample
with the direction perpendicular to the applied temperature gradient. The induced voltage from the SSE
was extracted. However, for conductive materials, e.g. carbon, the voltage signal under this set up could
be a combination of the SSE and the anomalous Nernst effect (ANE). Therefore, two measurement config-
urations were carried out, i.e. the in-plane magnetization (IM), and the perpendicular-to-plane magneti-
zation (PM). For the IM configuration, the SSE + ANE signals were detected where as the only ANE signal
existed in the PM configuration. The results showed that there were the differences between the voltage
signals from the IM and PM configurations implying the possibility of the SSE in the bulk carbon material.
Moreover, it was found that the difference in the IM and PM signals was a function of the magnetic field
strength, temperature difference, and measurement temperature. Although the magnitude of the possible
SSE voltage in this experiment was rather low (less than 0.5 LV at 50 K), this research showed that poten-
tial of using low cost and abundant bulk carbon as spin current supplier or thermoelectric power

generators.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

At present, thermal energy wastes from many sources are lost
to environment. Thermoelectric technology which can directly
convert heat to electricity can solve this problem. This technology
employs the concept of the Seebeck effect which involves the inter-
action between charge and heat creating a voltage difference at a
junction of two different metals [1-3]. On the other hand, the
interaction between electron spin and heat creates a spin induced
voltage where the spin voltage refers to the potentials which drive
spin current, i.e., a flow of electron spin-angular momentum into
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Thailand.
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an attached conductor [4-6]. The effect is known as “spin Seebeck
effect (SSE)” firstly observed by K. Uchida in 2008 [5]. After its dis-
covery, it has become one of the most active topics in the spin
caloritronics research field. It opened up a new way to create the
spin current by a combination of magnetic fields and heat. This
effect can be observed via the inverse spin Hall effect (ISHE)
[7-11] which can convert spin voltage to charge voltage.

The SSE was observed in many magnetic materials ranging from
metals, semiconductors, or even insulators. The physical theories
behind the SSE involve magnon and phonon drag mechanisms
[12]. Moreover, the SSE was studied on many spin injector materi-
als such as garnet ferrite, spinel ferrite, hexagonal ferrite, etc. [13].
On the other hand, carbon-based materials, which are currently
one of the most exciting research areas due to its low cost, abun-
dance and some exceptional functionality, have never been inves-
tigated for the SSE aspect. Therefore, in this work, the investigation

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of the possibility of the SSE in bulk carbon materials was carried
out for the first time.

Materials and methods

The bulk carbon (C) disc with a density of 1.75 g/cm® was cut
into a rectangular shape with the size of 2 x 2 x 6 mm?>. To obtain
the smooth surface, the sample was finely polished with 0.05 um
alumina powders. The surface roughness of the sample was inves-
tigated by scanning electron microscopy (SEM, FEI Helios). The
cleaned samples were coated with a 10 nm thick platinum film
using the SC 701H Quick Coater. The magnetic characteristics of
the bulk carbon before and after Pt coating was investigated by
using a vibrating sample magnetometer (VSM, Quantum Design
Versalab) with a maximum magnetic field of 30 kOe. The crystal
structure of the bulk carbon was studied by X-ray diffraction
(XRD) technique (PANalytical Emperean).

To observe the SSE, the measurement was set up as shown in
Fig. 1(a), known as the in-plane magnetization (IM) configuration.
The temperature gradient (VT) in the z direction induces a spin
current (Js) flowing through an interface between the bulk carbon
and Pt. According to ISHE, Js in the sample is converted into the
electric field (E;syg) by the spin orbit coupling between J; and polar-
ization vector (o), parallel to M, as described in Eq. (1).

Eisie = Osup - Js x 0 (1)

where 6sy, p, Js and o are spin Hall angle, electrical resistivity of
spin detector, spin current and spin polarization vector,
respectively.

However, for the IM configuration, not only the SSE signal was
created but the signal due to anomalous Nernst effect (ANE) was
also occured in a conductive sample. To separate SSE from ANE,
the measurement using the perpendicular magnetization (PM)

configuration was carried out [14] (Fig. 1(b)). In the PM configura-
tion, the sample was sandwiched between the heat source and
drain. The temperature gradient was applied parallel to the surface
of the Pt film (z), and the magnetic field was applied perpendicu-
larly. The ANE signal was obtained from Eq. (2).

Eane = Sane - VT x M (2)

where Eang, Sane, VT and M are electric field of ANE, anomalouse
Nersnt coefficient, temperature gradient and magnetic moment,
respectively.

The SSE and ANE signals in the bulk carbon were measured
using the IM and PM configurations as shown in Fig. 1. Three sam-
ples were investigated and yielded similar results. In every sample,
the same sample was performed for the IM and PM configuration.
To measure the voltage, very fine gold wire (diameter of 0.025
mm) was used and bonded on Pt film by silver paste. The contact
spot size was less than 0.1 mm. For the voltage measurement,
the voltages were read out by using a nanovoltmeter (Keithley
2182A). The system temperature was controlled by loading the
samples in the vacuum chamber of the Versalab instrument
(Quantum Design). The base temperature and the magnetic field
were controlled by the Versalab. The temperature gradient was
generated by passing a current (using Keithley 2400 Source Meter)
to a resistive heater embedded in a Cu blocks on the hot side. The
temperature gradient was monitored by using the K-type thermo-
couples attached to the Cu blocks on both hot and cold sides. To
avoid electrical short circuit, the sample was sandwiched between
two AIN plate insulators but with large thermal conductivity. The
magnetic field was varied the in range of 30 kOe. The temperature
gradients were between 0 and 12 K. The measurement tempera-
ture was from 50 to 300 K.

Fig. 1. a) In-plane magnetization (IM) configuration for SSE measurement, the temperature gradient was perpendicular to the magnetic field and the Pt detector surface. b)
Perpendicular magnetization (PM) configuration for SSE measurement, the magnetic field was applied perpendicular to the temperature gradient but parallel to the Pt film.
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Fig. 3. The measured voltage at 300 K versus magnetic field as a function of temperature gradient for a) IM configuration (SSE + ANE), and b) PM configuration (ANE). Linear
temperature gradient dependence of the measured signal for ¢) IM configuration and d) PM configuration.

Results and discussion

The magnetic properties of the bulk carbon with and without Pt
film are shown in Fig. 2(a). It was found that there is no difference
between the Pt coated and non-Pt coated sample. The diamagnetic
characteristic is observed with the magnetic moment of —0.18
emu/g at +30 kOe. The XRD pattern of the bulk carbon is shown

in Fig. 2(b). The main peaks are located at at 26.28°, 44.36°,
53.97° and 77.46° which are corresponded to the hexagonal struc-
ture of the graphite carbon according to the JCPDS 01-075-1621
reference.

Fig. 3 shows the relationship between the magnetic field and
the voltage measurement of the C//Pt samples at 300 K. Moreover,
the dependence of temperature difference (0-12K) on the
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measured voltage was also presented. The measurements from the
IM and PM configuration are shown in Fig. 3(a) and Fig. 3(b),
respectively. The graphs show the linearly increased signals when
the magnetic field increased. However, the mixing of SSE and ANE
effect are shown only in Fig. 3(a). but the ANE effect only is illus-
trated in Fig. 3(b). Furthermore, as the temperature gradient was
increased, the measured voltages were also increased for both IM
and PM measurement, as summarized in Fig. 3(c) and (d). The lin-
ear relationship between the temperature difference and the mea-
sured voltage was found. The slopes between the voltage and
temperature are directly relates to spin Seebeck coefficient which
were estimated to be around 4.5 pV/K.

The SSE and ANE signals in the bulk carbon was measured by
varying magnetic field and measurement temperature, using the
IM and PM configuration as explained in the previous section.
The temperature gradient was fixed at the maximum value of 12
K. The results are presented in Fig. 4. Fig. 4(a) shows the difference
of the signal at room temperature between the measurements
using PM and IM configurations. The PM configuration represents
only the ANE signal but the IM configuration shows the combina-
tion of ANE and SSE signals. The spin Seebeck coefficient of the PM
configuration was larger than that of the IM configuration about
0.142 pV/K at 30 kOe. The differences between the voltage signals
from the IM and PM configurations implying the possibility of the
SSE in the bulk carbon material.

Fig. 4(b) shows the same measurement as in Fig. 4(a) but mea-
suring at the temperature of 50 K. It is clearly seen that the ANE

and SSE signals were enhanced from about 1-1.5 uV/K at 300 K
to about 5-6 pV/K at 50 K. The dependence of measurement tem-
perature on the ANE and SSE signals are presented in Fig. 4(c) for
the C, C//Pt (PM) and C//Pt (IM) systems. The graphs show the
enhancement in the signal when the temperature was decreased
from room temperature to 50 K. The spin Seebeck coefficient was
dramatically enhanced at the temperature less than 125 K which
correspond with phonon drag mechanism [12]. The signal from
the PM configuration was still higher than that of the IM configu-
ration about 0.39 pV/K at 50 K which meaned that the ANE signal
was higher than the combination of ANE and SSE signal. It should
be noted that the voltage signal wtihout Pt coating on the bulk car-
bon was slightly larger than with Pt coating. This is probably due to
a difference in electron spin channel [15] and/or an effect between
interface of C and Pt [16].

Conclusion

The SSE of the Pt coated bulk carbon was studied. The combina-
tion of the SSE and ANE signals was recorded. The signal voltage
from the combined SSE + ANE contribution was lower than the sig-
nal from the ANE contribution alone. The reduced voltage was pos-
sibly due to the contribution of ISHE and/or interface interaction.
This combination of SSE and ANE was also enhanced at the temper-
ature less than 125 K which corresponded to phonon drag mecha-
nism. The voltage from the possible SSE in this research was
relatively low (less than 0.5 pV at 50 K). However, it is the first
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study that shows the potential uses of low cost and abundant bulk
carbon as spin current supplier for spintronic applications.
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In this research, the p-type SigoGe,oB3 alloys composited with
Y Si, nanoinclusions were fabricated by melting spinning and
then, spark plasma sintering. The metallic Y was chosen as the
source of YSi, nanoparticles. It was found that the fully dense
nanocomposites were formed with the homogeneous distribu-
tion of YSi, nanoinclusions in the SiGe matrix. The
thermoelectric measurement showed that YSi, addition
reduces the electrical conductivity but increases the Seebeck
coefficient, which was attributed to the decrease in carrier
concentration. The thermal conductivity was suppressed for
the composite SiGe-1.4%Y, which made this composition to
exhibit the largest thermoelectric figure-of-merit (ZT) of 0.52.

1 Introduction Thermoelectric (TE) materials can
directly convert waste heat into electrical energy [1, 2].
The TE efficiency depends on the dimensionless figure-of-
merit (ZT), defined as ZT = (S%0/k)T, where S, o, «,
and T are Seebeck coefficient, electrical conductivity,
total thermal conductivity, and absolute temperature,
respectively.

Materials with the maximized ZT in the working
temperature ranges are good TE materials. At present the
best of TE materials are bismuth telluride (Bi,Te3) and lead
telluride (PbTe) for around room temperature (300—450 K)
and midrange temperature (600—800K) applications,
receptively [1, 2]. For high temperature range, Si-based
materials have been the best choice for several decades. In
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particular, the SigyGe,q compound has been used in
radioisotope TE generators (RTGs), with the ZT values
of ~0.5 (p-type) and ~0.9 (n-type) at 1100K, by NASA
since 1976 [3].

In the last decade, the enhanced ZT values of SiGe
alloys have been reported continuously exploiting a
nanostructuring approach [4—10]. The idea of this approach
is to reduce grain sizes of SiGe to a few ten nanometers.
The SiGe nano-grains can scatter phonon effectively but
show a minimum effect on the electrical transport since
the phonon mean free path (MFP) is larger than charge
carrier MFP. The ZT values were demonstrated to be as
large as 1.84 [4] and 1.2 [5] for n- and p-type SiGe alloys,
respectively.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Another approach for enhancing ZT of SiGe was by using
nanocomposites. Nanoinclusions which were homo-
geneously distributed in SiGe matrix grains acted as phonon
scattering sites whereas charge carrier transport was carried
out through matrix grains. Among several types of nano-
inclusions, silicides were very attractive. Theoretical calcu-
lations showed that silicide nanoparticles could suppress
lattice thermal conductivity (k) effectively and enhanced ZT
by several folds [11]. Experimentally, a number TE studies of
silicide nanoparticles in SiGe or Si matrix have been
demonstrated, for example, FeSi, [12-14], MgSi, [12],
WSi, [15-17], CrSi, [18, 19], MoSi, [20, 21], NiSi, [22, 23],
and VSi, [24, 25]. However, some experiments showed that
even though the thermal conductivity were decreased, the ZT
of such systems were notenhanced [13, 14, 19, 21], which was
due to the changes in S and ¢ when silicide nanoinclusions
were introduced. On the other hand, incorporating silicides in
SiGe could lead to increasing « if the nanosize of the silicides
were not maintained [15].

Recently, Ahmad et al. demonstrated the recorded value
of ZT ~1.81 for the p-type SiGe alloys by incorporating
YSi, nanoparticles in SiggGe,y matrix [26]. With the
optimized amount of YSi,, « was significantly reduced
while the power factor was not affected which was attributed
to the coherent interfaces between YSi, nanoparticles and
SiGe grains. This work has shown that YSi, (not included in
the calculation in Ref. [11]) may be the right choice of
silicide nanoparticles in SiGe matrix. Interestingly, though
obtaining the recorded ZT, this work has used Y,0; as a
source of Y. YiS, was produced through the reaction of
Y,03 and Si [27]. However, this might also produce SiO,
by-products which should generally be avoided [28-30].

In this work, we attempted to improve ZT of the p-type
SiGe by incorporating YSi, nanoinclusions but using
metallic Y as starting materials to avoid the formation of
oxides. Moreover, a melt spinning (MS) technique was
employed for preparing the nanocomposite phases to
minimize possibility of oxidation and contamination from
a conventional ball milling method. The bulk nano-
composites were prepared by spark plasma sintering
(SPS). The effect of YSi, nanoinclusions on the thermo-
electric properties was studied and discussed.

2 Experimental P-type SiGe ingots with a nominal
composition of SiggGe,oB3 were prepared by arc melting
under an Ar atmosphere, using high purity Si (11N), Ge
(3N), and B (99.9%). The ingots were crushed and Y chips
(99.9%) were added with the composition of SiGe-x wt.%Y
(x=0,14,2.8,4.2,5.7, and 7.1), before subjected to a melt
spinning (MS) process for producing nanocrystalline
composite ribbons. In this process, the mixtures were
melted by induction coil under an Ar atmosphere. The
molten liquid was ejected through a boron nitride nozzle
using 0.02 MPa Ar gas onto a Cu roller with a rotating speed
of 2000 rpm. The MS ribbon samples were crushed to fine
powder and loaded into a high strength graphite die for
fabricating bulk samples by using a spark plasma sintering
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(SPS) technique. The SPS was carried out at 1293 K in an Ar
atmosphere under a uniaxial pressure of 100 MPa.

Characteristics, phase, and morphology of the samples
(MS and SPS) were observed by using X-ray diffraction
(XRD, Rigaku, Ultima IV) and a field emission scanning
electron microscope (FE-SEM, JEOL, JSM-6500F). The
chemical composition was investigated by using energy
dispersive X-ray spectrometer (EDS) equipped in the FE-
SEM. The bulk samples were polished and cut for
thermoelectric and Hall measurements. The carrier concen-
tration and mobility were measured at room temperature
(RT) by using a Hall measurement system (Toyo, ResiTest
8300). Seebeck coefficient and electrical conductivity were
measured from RT to 1073 K by using a commercial system
(Ulvac-Riko, ZEM-3). Thermal conductivity was calculated
from k= DCyd, where C, is the heat capacity which was
taken from the literature value [3], d is the bulk density, and
D is the thermal diffusivity, measured from RT to 1073 K by
using a laser flash technique (NETZSCH, LFA457).

3 Results and discussion XRD patterns of the SPS
(MS) samples are shown in Fig. 1 (Supporting information
Fig. S1). All peaks of SiggGe,y match very well with the
reference pattern (JCPDS no. 01-077-2650), whereas every
peak related to the YSi, precipitate phase matches with the
Y Si, database (JCPDS no. 00-011-0324). The observed peaks
indicate the formation of the SiggGe,o-Y Si, composite phases.
The small peak of SiB, at 26 ~35° can also be observed for
x = 1.4 and 2.8 but this phase does not exist in other samples.
However, the amount of the SiB, phase is estimated to be very
small and thus has limited effect on thermoelectric properties.
The lattice parameters (a) of SiGe matrix calculated by using
Bragg’s law, from the main diffraction peaks (26 =28.42°,
47.30°, and 56.10°), and the crystallite sizes of SiGe matrix
calculated by using the Halder—Wagner method [31, 32] are
presented in Table 1. The value of a is ~0.5469 nm for the
SiGe-0%Y, and increased slightly with increasing amount of
Y addition. The crystallite sizes of the SiGe matrix grains were
in the range of 33—46 nm for the MS samples but increased to

k x=0
f A
x=14
) A A
= A x=28
5 A A
g L A x=42
\; J J\ A
g )\ x=57
2 A A
- x=71
‘ YSi,00-011-0324
! 1 [ | Ll
Si:01-070-5680
| |
T T T T T T T
20 30 40 50 60

Diffraction angle 26 (Cu-Ka,degrees)

Figure 1 XRD patterns of the bulk SiGe-x wt.%Y after SPS.
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Table 1 Summary of the characteristic parameters of the p-type SiGe-x wt.%Y.

crystallite
size, (nm)
composition lattice parameter, MS SPS d % EDS ny “u
(x) a (nm) (g cm ™) density (wt.%Y) (x 10%%cm~?) (cm®>V~is™h
0 0.5469 36 100 2.87 96 0 6.2 16
1.4 0.5470 38 156 2.89 96 1.7 2.0 19
2.8 0.5473 46 156 2.90 96 2.0 22 23
4.2 0.5474 42 175 292 97 24 24 22
5.7 0.5477 40 164 2.94 97 2.7 2.1 18
7.1 0.5480 33 184 2.97 98 34 24 21

100-184 nm for the SPS samples due to grain growth during
SPS process. It should be noted that the SPS temperature in our
process is lower than many reports [10, 14, 19, 20, 24] so that
the effect of grain growth should be minimized.

Fractured surfaces of the MS and SPS samples are
presented in Fig. 2 which shows sub-micrometer size
features comprising of SiGe grains and Y Si, nanoinclusions

=

(e)x= 2 MS
o7

:: ;C‘ n

\. : 1 yum

(&) x=74 MOS‘ e
b €2 S, O
: < . . .’ - s %

41 sps

Figure 2 SEM micrographs of the fractured surfaces of the SiGe-x wt.
%Y samples (a, b)x =0, (c,d) x =14, (ef) x =4.2,(gh) x =7.1.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(bright contrast). For x = 0, the grain growth of SiGe is clearly
observed. It can be seen that with addition of Y (x=1.4,4.2,
7.1), the SiGe grain size tends to reduce probably due to the
pinning effect from the Y Si, nanoparticles which suppressed
SiGe grain growth. The homogenous distribution of YSi,
nanoinclusions can be observed and was confirmed by using
EDS elemental mapping which showed uniformly distribu-
tion of YSi, over a large scale area (Supporting information
Fig. S2). The chemical composition of all samples is closed to
the nominal compositions for Si and Ge (Supporting
information Table S1) but the concentration of Y is lower
than expected (Table 1).

The main difference between the MS and SPS samples
in Fig. 2 is that in the MS samples a number of particulates
can still be found whereas after SPS process the samples are
fully dense which are generally good for thermoelectric
performance [33, 34]. In fact, the density of every sample
after SPS is above 95% of its theoretical value (Table 1)
indicating that the SPS parameters were optimized.

Thermoelectric properties of the bulk SiGe-x%Y
samples are summarized in Fig. 3. It is clearly seen that
o decreased monotonically with temperature (Fig. 3a),
similar to other previous studies [5, 6]. Adding small
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Figure 3 Thermoelectric properties of the SiGe-x%Y samples
along with the reference data (a) electrical conductivity, (b)
Seebeck, (c) thermal conductivity, (d) ZT.
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amount of Y (x=1.4) resulted in a minimum o but adding
more Y increased o again. On the other hand, the positive
value of § (Fig. 3b) was observed throughout the
temperature range indicating the p-type behavior of the
samples. The S was enhanced for the SiGe-1.4%Y, but
subsequently decreased when higher content of Y was
added. The changes in o and S showed a similar trend to
Ref. [26] but the values in our study were lower. A variation
of oand S with Y concentration was attributed to a change in
carrier concentration (ny) and mobility (uy) which were
measured by the Hall measurement (Table 1). For
degenerated semiconductors, o is directly proportional to
ny whereas S is inversely proportional to ny [2]. Thus, for
SiGe-0%Y, the carrier concentration is the largest resulting
in the highest . With 1.4%Y addition, ny was reduced to
less than one third of that without Y while the mobility only
changed slightly. The smallest ny is corresponding to the
lowest o and the highest S. For further addition of Y, ny
gradually increased, resulting in the slight increase in o and
the reduction in S.

The reason for the change in ny with YSi, nano-
inclusions could be related to the metallic nature of the
silicides. Unlike other silicides, the knowledge on electric
and thermal transport properties of YSi, is very limited.
From our preliminary measurement of the TE properties
(unpublished), YSi, showed metallic conducting behavior
with o ~4-10 x 10° Q"' m ™', nearly an order of magnitude
larger than the SiGe matrix, and S ranging from —20 to
—30 wmK ™', Thus, the charge carrier of YSi, is electron.
Incorporating YSi, in the p-type SiGe matrix could result in
the electron-hole pair recombination [35], leading to
reduction in hole concentration.

Figure 3c shows temperature dependence of «. It is
obvious that the SiGe-1.4%Y showed a reduced « in
comparison to the SiGe-0%Y. However, when higher
concentration of Y was introduced, « increased. From this
figure, it may suggest that with 1.4%Y, the YSi, nano-
inclusions can suppress k. The total thermal conductivity
k =K1+ k. and, from the Wiedemann—Franz law, the carrier
thermal conductivity, x. = LoT, where L is Lorenz number
(244 x 10"*W QK ?). The reduction in the SiGe-1.4%Y
sample is in fact a result of the suppression of k., not «;, due to
limited carrier concentration as evident from the Hall
measurement. Actually, introducing Y in SiGe results in
the enhanced «; in every sample. The reason for which the
Y Si, could not reduce «; could be attributed to the size of Y Si,.
From the calculation in Ref. [11], the optimized size of silicide
nanoparticles for k; suppression must be less than 10 nm. In
our case, the YSi, nanopartilces are much larger than the
optimized value so that k; could not be decreased. Also, the
preliminary « measurement of YSi, was found to be
~4-6Wm ™' K™, slightly higher than that of SiGe matrix
grains. Thus, using high concentration of Y Si, nanoparticles
could lead to the increase in « as observed in Fig. 3c.

Compared to the SiGe-YiS, in Ref. [26], our measured «
was much higher. As mentioned earlier that in Ref. [26]
Y,05 was used as a source of Y. Therefore, oxides could

WWwWWw.pss-a.com

reside in the matrix due to the Y,0O3; — YSi, conversion
process. The small « in Ref. [26] could in fact be the
contribution of oxides, e.g., Si0,. In a previous study, it was
shown in the SiGe-MoSi, system that ¥ was significantly
reduced in the presence of Si0, amorphous nanophase in the
matrix [20]. Since the level of oxygen was not provided in
Ref. [26], it is hard to draw a conclusion at this point.
Figure 3d shows the ZT of the SiGe-x%Y samples in
this research, as well as the ZT of the RTG sample as a
reference. A combination of high ¢ and relatively low «
resulting in a maximum ZT of 0.48 at 1073 K for the SiGe-
0%Y sample. In the composite samples, the maximum ZT of
0.52 at 1073 K was realized for the SiGe-1.4%Y sample as a
contribution of high S and low «. For higher amount of YSi5,
due to relatively low o and large x from the reasons
explained above, the ZT continuously dropped with
increasing %Y. The maximum ZT for the SiGe-1.4%Y
sample is slightly larger than the RTG sample but much
lower than the recorded value obtained for the SiGe-YSi,
nanocomposite in Ref. [26]. However, to be fair, TE
properties of the p-type Si-silicide or SiGe-silicide systems
were rarely reported. Besides [26], very few studies have
shown an enhanced ZT in such system [16]. Moreover, a
few reports found that the ZT was not improved when
silicides were introduced to the SiGe matrix [15, 19, 21, 23].
Therefore, the TE performance for our SiGe-YSi, nano-
composites is similar to what found in the literatures.

4 Conclusions We successfully synthesized p-type
SiGe-YSi, nanocomposite materials from MS and SPS
methods. The fully dense materials consisted of YSi,
nanoinclusions homogeneously distributed in the sub-
micron SiGe grains. Introducing YSi, resulted in the
reduction in carrier concentration due to the metallic nature
of YSi, which in turn led to a reduction in o and an increase
in S. k increased with YSi, because of the high « of YSi, and
the larger size of nanoinclusions than the optimized value.
The maximum ZT of 0.52 was found for the SiGe-1.4%Y
sample.

Supporting Information Additional supporting
information may be found in the online version of this
article at the publisher’s web-site.
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Thermoelectric Properties of Bulk Yttrium Silicide (YSi2)
Fabricated by Arc Melting and Spark Plasma Sintering

Suphagrid Wongprakarn, Supree Pinitsoontorn,* Sora-at Tanusilp,

and Ken Kurosaki

Yttrium silicide (YSi;) nanoparticles in SiGe are reported to enhance the
thermoelectric figure-of-merit (ZT) to the recorded value (1.81). However,
the thermoelectric properties of bulk YSi, has never been reported. In this
work, the thermoelectric properties of YSi, is studied for the first time. The
bulk YSi, is fabricated by arc melting highly pure Si and Y raw materials. The
ingot is crushed to powder and compacted to form a highly dense pellet by
spark plasma sintering. By optimizing the processing parameters, the single
phase with the AIB,-type structure (P6/mmm) is formed. The Hall measure-

determined by the dimensionless figure-of-
merit, ZT = (SZU’/K)T, where S, 0, x, and T
are Seebeck coefficient, electrical conduc-
tivity, thermal conductivity, and absolute
temperature, respectively. The present
state-of-the-art TE materials around room
temperature and mid-range temperature
are Bi,Te; and PbTe.'?! However, these
materials have a certain draw back from
their thermal instability and consisting of

ments show that YSi, exhibit a metallic-like behavior with a very high
electron concentration. This result in the thermoelectric properties with a
very large electrical conductivity (~18 x 10°Q "' m™") but a small Seebeck
coefficient (—26 pV K™ ') at room temperature, and decrease with tempera-
ture. The thermal conductivity is around 14-19W m 'K ' for all temperature

range. The maximum ZT value is 0.026 at 423 K.

1. Introduction

Thermoelectric (TE) materials can directly convert wastes heat
into electrical power.' The performance of TE materials is
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toxic and rare elements.

Metal silicides are a class of materials
which has been considered as candidates
for TE materials. In recent review papers,
several types of silicides for TE applications
were summarized, including Mg,Si,
MnSi,, CrSi,, B-FeSi,."® With proper
doping, these silicides showed promising
TE performances with a relatively large ZT
(>0.5).

TE properties of silicide nanoparticles in
Si or SiGe matrix was theoretically calculated by Mingo et al.” In
their work, several types of silicide nanoparticles were
incorporated in the matrix and a fivefold increase in the ZT
values were observed as a consequence of a significant
suppression in thermal conductivity. This work has stimulated
many experimental works in exploiting silicide nanoparticles as
phonon scattering sources. For instance, Mg,Si and FeSi,
nanoinclusions in SiGe matrix showed the reduced thermal
conductivity compared to the single-phase SiGe alloy, and hence
the maximum ZT of 1.3.] Furthermore, the Si/WSi, nano-
composites showed 40% reduction in lattice thermal conductiv-
ity and the ZT enhancement of 30%."!

The most promising experiment was demonstrated by
Ahmad et al.l'” who incorporated yttrium silicide (YSi,)
nanoparticles in SiGe matrix and obtained the recorded ZT
(~1.81) for the p-type SiGe alloy. The enormous improve-
ment in TE performance was attributed to the coherent
interfaces between YSi, nanoparticles and SiGe grains which
strongly scattered phonon but have a minimum effect on the
power factor. This work has not only emphasized the
nanoparticle-in-alloy concept but also shed the light on YSi,
as a promising TE material. Nevertheless, YSi, was not
included in the reviews on silicides,!** or in the calculation
by Mingo et al.”) Moreover, research on bulk YSi, were rarely
reported.

Consequently, in this work, the bulk YSi, was fabricated and
the TE properties were investigated for the first time.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Powder XRD patterns of the YSi, samples after arc melting and
after SPS.

2. Experimental Section

YSi, ingots were prepared by arc melting (AM) under Ar
atmosphere, by melting highly pure Si (11N), and Y chunks
(99.9%). The ingot was crushed to powder and then loaded into a
graphite die for fabricating the bulk samples by using spark
plasma sintering (SPS). The SPS was carried out at 1273 K for
5 min in Ar atmosphere under a pressure of 100 MPa. To test the
reproducibility, five samples under the same synthesis con-
ditions were prepared.

Crystallinity and morphology of the samples were observed
using the X-ray diffraction analysis (XRD; Ultima IV, Rigaku)
and scanning electron microscopy (SEM, JSM-6500F, JEOL).
The chemical composition was confirmed by energy dispersive
X-ray spectrometry (EDS) equipped in the SEM. Seebeck
coefficient and electrical conductivity were measured by ZEM-
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3 (Ulvac-Riko) from room temperature to 773 K. The mobility
and carrier concentration at room temperature were measured
by Hall measurement system (Toyo ResiTest8300). Thermal
conductivity (k) was calculated from x = DCpd, where D, C,, and
d are thermal diffusivity, heat capacity, and density, respectively.
D was measured by laser flash technique (NETZSCH, LFA457).
Cp, =3nR, where n and R are the number of atoms per formula
unit and gas constant. D was calculated from the measured
weight and dimensions of the samples.

3. Results and Discussion

Figure 1 shows the powder XRD patterns of the YSi, ingot and
the bulk samples after SPS. The main peaks of all samples agree
well with the YSi;s; standard pattern (JCPDS 01-071-3919),
representing the single phase of the AlB,-type structure (P6/
mmm), without any secondary phases observed. Samples 1-5
show the identical peaks indicating the reproducibility of the
fabrication technique. The lattice parameters calculated from the
XRD patterns are shown in Table 1, which are almost same with
the literature values.'"] The densities of the bulk samples are
also presented in Table 1. All samples possess very high density
between 93.3 and 94.5% of theoretical values which are the
fundamental requirements for good TE materials.

The SEM micrographs alongside with the EDS mappings of
the pressed surface of the bulk YSi, sample are shown in
Figure 2. It is obviously seen the fully dense sample with
homogenous distribution of the elements. Quantitative analysis
showed that the chemical compositions of Y and Si were 37.14
and 62.86 at.%, respectively, which is equivalent to Y:Si=1:1.69.
This result showed that the nominal composition YSi, was in
fact YSi; g9, which is closely agreed with the literature value of
YSiy ¢7.'"' The elemental analysis of all five samples show
nearly identical compositions as summarized in Table 1.

The TE properties of the bulk YSi, samples are shown in
Figure 3. All five samples show almost the same TE character-
istics. The Seebeck coefficients were negative throughout the
temperature range, indicating the n-type charge carrier, which
was confirmed by the Hall measurement (Table 1). The absolute
S values decreased with temperature from 26 WV K™ ' at room
temperature to 14 VK" at 773 K. These values are very low
compared to other silicide materials (100-300 wV K™%)."* The
reason for the low S values is attributed to the very large carrier
concentration (ng ~6-7 x 10*2cm™3), Table 1, much higher than

Table 1. Density (d), relative density (%T.D.), lattice parameter (a and c), Hall carrier concentration (ny), and Hall mobility (i) at room

temperature.

Lattice parameter (nm) EDS (at.%)
Sample d(gem?) %T.D. a c Si Carrier type ny (x10%em™?) p (em?V s
No. 1 4.24 93.3 0.3843(4) 0.4143(2) 37.14 62.86 n 7.43+0.7 17.94+0.2
No. 2 4.29 94.5 0.3844(8) 0.4142(1) 37.11 62.89 n 6.11+0.6 21.7+0.2
No. 3 4.28 94.3 0.3845(4) 0.4147(5) 37.34 62.66 n 6.95+0.7 19.14+0.2
No. 4 4.25 93.6 0.3846(3) 0.4147(4) 37.26 62.74 n 6.84+0.7 19.6 +0.2
No. 5 4.28 94.3 0.3844(9) 0.4143(2) 37.19 62.81 n 6.63+0.7 18.74+0.2
o 4.54 - 0.3843 0.4143 - - - -
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Figure 2. a) SEM images of the pressed surface of YiS, along with the
elemental mapping (b) Y, (c) Si.

other silicide materials (=~10*°-10*'cm™3).1*%) Normally, for
metals or degenerate semiconductors, the Seebeck coefficient is
inversely proportional to the carrier concentration.**! There-
fore, the very large carrier concentration resulted in the reduced
S values.

Figure 3b showed the decreasing electrical conductivity with
increasing temperature, illustrating a metallic-like behavior. The
observed ¢ values were very high throughout the measurement
temperature (18 x 10°Q 'm™" at RT), about an order of
magnitude larger than other silicides (~10*-107°Q 'm').**]
The metallic-like behavior and large ¢ are consistent with the
high ny. The mobility of YSi, in the present study was nearly
double of other silicides (=10 cm*V~"s™').**) Though with very
high ¢, the small S led to relatively low power factor (1.28 mW
m~' K™ at RT), as shown in Figure 3c. It should be noted that
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Figure 3. Temperature dependences of (a) S, (b) o, (c) S, (d) K, (€) Kiar
and (f) ZT of YSi,.

the TE and Hall measurements in the present work are in
consistence with the previous electronic structure calculations of
which the Fermi energy was right in the middle of the
conduction band,™ representing the metallic characteristic of
YSi,.

Figure 3d shows the thermal conductivity of the bulk YSi,
samples. The « values slightly decreased with temperature and
were approximately about 15Wm ™' K™' above 500K, several
folds higher than other silicides.!*! Generally, x= ks + e,
where i, is the lattice thermal conductivity and x. is the
electronic thermal conductivity which can be estimated from
Wiedemann-Franz’s law, k. = Lo'T, where L= Lorenze number
=245x 10 8V?K 2" The reason for the high thermal
conductivity is due to the very large x. (dotted line). After
subtracting ., the x; is plotted as shown in Figure 3e. This
implies that the thermal conductivity is mostly govern by the
electronic part which could be justified from the very high carrier
concentration. Figure 3f shows the temperature dependence of
ZT which has the maximum of 0.026 at 423. This value is
relatively low in comparison to other good TE silicides, i.e.,
Mg,Si, MnSi,, CrSi,, FeSi,, with ZT > 0.5. However, the ZT of
YSi, in our case is comparable (or even better) to some inferior
silicides, for example, URu,Si;, Fego5Croo5Si;, CeSip, SrSiy,
SrAl,Si,, BaSi,, CaSi.l”

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4, Conclusion

In this work, the single phase of fully dense bulk YSi, was
successfully fabricated using a combination of arc melting and
SPS. The TE and Hall measurements of the bulk YSi, sample were
carried out for the first time. From the results it was concluded that
the bulk YSi, possessed the metallic characteristics. A large
concentration of electrons above the Fermi level acts as the charge
carrier. As a result, the very high electrical conductivity was found
with the relatively small Seebeck coefficient. The thermal
conductivity, dominated by the electronic contribution, was also
large. Consequently, the ZT of this material is relatively low in
comparison to other good TE silicides. Since the carrier
concentration of YSi, was an order of magnitude larger than
the optimum value for TE applications, it would be difficult to tune
the carrier concentration by doping or other means. Therefore,
even though the YSi, nanoparticles were successfully added in
SiGe matrix to enhance the overall ZT, the stand-alone bulk YSi,
might not be a promising TE material.
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ARTICLE INFO ABSTRACT

Keywords:
Thermoelectric

The enhancement in thermoelectric (TE) properties of p-type SiGe alloys through the optimization of carrier
concentration and processing parameters was reported. The p-type SigoGe,oBx alloys were prepared by melt
SiGe spinning (MS) followed by spark plasma sintering (SPS). The effect of B concentration and processing parameters
p-type ) (rotating speed of Cu wheel in MS and holding time in SPS) was investigated. By adjusting the B content, the
Boron concentration . . . s o g N
Melt spinning carrier conc.entratlon wa.s nota.bly changed but t.he carrier mobility was n.ot significantly dlff.erent. Conseq}lently,
Spark plasma sintering TE properties were varied with B concentration and showed the optimum value for SigyGexoBos with the
maximum ZT of 0.71 at 1073 K. Increasing the Cu wheel rotating speed resulted in the refined microstructure of
the MS ribbons. The smaller grain sizes were maintained even after SPS. However, despite the refined grains, the
TE properties were insignificantly different for any rotating speed. Reducing the SPS holding time resulted in
bulk samples with lower density, presumably containing nano/micro porous structure. The presence of pores in
the microstructure effectively reduced thermal conductivity due to a stronger phonon scattering, but also sup-
pressed the electrical contribution making an obvious drop in the power factor. The optimized holding time for

SPS was 5min at 1323 K.

1. Introduction

Thermoelectric (TE) devices can directly convert heat into elec-
tricity. Typically, they consist of semiconducting materials (n-type and
p-type) connected in series. A thermoelectric conversion efficiency of
each material is determined by the dimensionless figure-of-merit, ZT,
which is given by the equation ZT = $20T/x, where S is the Seebeck
coefficient, o is the electrical conductivity, T is the absolute tempera-
ture and « is the thermal conductivity.

Although there is no theoretical upper limit for ZT values, the ZT of
1 is considered as the benchmark in the TE community [1,2], and is the
value of the best TE materials used in present TE devices [3]. At pre-
sent, the conventional TE materials around room temperature (RT) and
mid-range temperature are Bi,Te; and PbTe-related alloys, respectively
[4-6]. For higher temperature range, SiGe alloys are one of the can-
didates due to their chemical stability and good TE properties at high
temperature. In fact, the SigoGeoo system has been used in Radioisotope
TE Generators (RTGs) in NASA spaceships since 1970s (with ZT ~ 0.5

* Corresponding author.
E-mail address: psupree@kku.ac.th (S. Pinitsoontorn).

https://doi.org/10.1016/j.mssp.2018.08.020

for p-type and ~ 0.9 for n-type at 1073 K) [7].

SiGe alloys are one of the most widely studied TE materials.
Particularly in recent years, several studies have demonstrated the
advanced improvement in ZT values of the SiGe system via nanos-
tructuring approach. Nanostructures offer a material with complex
crystal structures including high density of grain boundaries (nanos-
tructured structure) [8-12], nanoparticles embedded in a matrix phase
[13-17]1, modulation-doping in nanocomposites [18,19], and nanoscale
defect features [20]. The main advantage of using SiGe nanostructure is
the difference in the mean free path (MFP) between the electronic and
phonon contributions (MFP of electron and phonon are ~ 5nm and ~
200-300 nm, respectively [11,21]). Therefore, nanostructuring ap-
proach in the scale range of 10-100 nm has a major influence to lattice
thermal conductivity (k) but shows almost no effect on electrical
transport. Such complex structures have been proven experimentally in
which various effective phonon scattering mechanisms were in-
troduced, leading to a drastic reduction of xj,.. For instance, Basu et al.
reported the improved TE performance of hot pressed nanostructured n-
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type SiGe bulk alloys with x approaching 0.9 Wm ™! K~! and very high
ZT of ~ 1.84 at 1073 K [8]. Bathula et al. dispersed SiC nanoparticles in
the n-type SiGe matrix and observed the lowest x of 1.9 Wm™! K~!
yielding a high value of ZT ~ 1.7 at 1173 K [13]. Ahmad et al. used the
nanocomposite approach by introducing YSi, nanoinclusions in p-type
SiGe alloys. With proper amount of YSi, nanoinclusions, the x was re-
duced by 62%, resulting in 34% improvement of ZT (~ 1.81 at 1100 K)
[14].

In the synthesis of SiGe nanostructured alloys, most experimental
works employed a solid state ball milling method [8-16,18-20]. Al-
though this method is simple and can provide powders in nanoparticle
size, it also has several drawbacks, such as a long milling time (up
to > 90h) [8,9,20], contamination from the grinding media, or pro-
neness to oxidation during the process. The contamination from the
grinding media, e.g. yttria stabilized zirconia (YSZ), could lead to a
significant reduction in electrical conductivity and hence lower ZT
[22]. Similarly, oxidation of SiGe alloys or the formation of SiO, na-
noinclusion could have a deteriorate effect on the TE properties
[23-25]. On the other hand, melt spinning (MS) is a powerful technique
for fabrication of homogeneous alloy. It is one of the rapid solidification
techniques that play an important role in preparation of many advanced
functional materials [26]. The process is much faster than ball milling
and provide negligible contamination or oxidation. It has been de-
monstrated to fabricate many TE materials with improved TE proper-
ties, for example, Bi,Te; [27], skutterudite CoSbs [28], and several Si-
silicide systems [29-32].

In this work, we demonstrated the fabrication of p-type SiGe alloys
(boron doped) by using the MS technique in combination with spark
plasma sintering (SPS). Researching through literatures, it was hardly
found reports on the variation of B concentration on the change in TE
properties of SiGe alloys [24,33]. In addition, the processing para-
meters in the MS [30,31] and SPS processes [20,25] for the fabrication
of SiGe alloy were rarely reported. Therefore, in the present research,
the effect of boron concentration as well as processing parameters on
the microstructure and TE properties were systematically investigated.
Under the optimization condition, it was found that the TE properties of
the p-type SiGe alloys were significantly improved.

2. Experimental procedure

Firstly, we investigated the effect of B concentration on the TE
properties of SiGe alloys prepared by melt spinning (MS) and spark
plasma sintering (SPS). A series of ingot samples with nominal com-
positions of SigoGesoBy (x = 0.1, 0.23, 0.5, 1.0, 1.5, 3.0) were prepared
by arc melting (AM) from high-purity Si chunk (11 N), Ge shot (3N)
and B chunk (99.9%) in a vacuum chamber under Ar atmosphere. Then,
ribbon samples were prepared by melt spinning (MS) process. In this
process, the obtained ingots were put into a boron nitride (BN) tube,
with a 0.6 mm diameter nozzle, and melted by induction heating in Ar
atmosphere. The 6-turn Cu coils in the space of 4 cm height and 3 cm
width surrounds the BN tube. The inner diameter of the coil is 2cm
whereas the Cu wire diameter is 0.5 cm. The electrical power of 20 mA,
110V, 60-Hz AC current was supplied to create induction heating. The
molten alloys were ejected, with a pressure of 0.02 MPa, onto a Cu
wheel (a radius of 10 cm) rotating at the speed of 2000 rpm. The gap
between the nozzle and the wheel was 0.2 mm. The rapidly solidified
ribbon samples were crushed manually into fine powders and placed
into a high strength graphite die for fabricating bulk samples by SPS.
The ramp rate for the SPS processing was 48 °C/min. The SPS process
was controlled at 1323 K for 5min in an Ar atmosphere under an axial
pressure of 100 MPa. The SigyGeooByx bulk samples in this stage were
ready for microstructural and properties investigation.

Secondly, for the processing parameter optimization, the sample
with the best TE properties from the first experiment was chosen. Two
parameters were under investigation: the rotating speed of the Cu
wheel, and the SPS holding time. The first parameter could change the
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crystallite size of the samples, and thus possibly improved TE proper-
ties. The rotating speed was adjusted between 2000 rpm and 6000 rpm.
The SPS holding time also had an effect on the density and micro-
structure, and again, could enhance the TE properties. The SPS holding
times used in this experiment were varied from 3 min to 7 min.

Phase and crystallographic structure were investigated using
powder X-ray diffraction (XRD, Rigaku, Ultima IV) analysis using Cu K,
radiation. The microstructures of the ribbon surfaces and finely po-
lished bulk sample surfaces were investigated under field emission
scanning electron microscopy (FE-SEM; JEOL JSM-6500F). A carrier
concentration (n) and carrier mobility (1) were measured using the Hall
coefficient measurement system (Toyo Resitest8340) at room tem-
perature under a magnetic field of 0.5 T. The thermal conductivity (??)
was calculated by using the equation x = DdC, where d is the bulk
density and C is the heat capacity of which the literature value was used
[6]. The thermal diffusivity D was measured by a flash diffusivity
method in the Netzsch LFA467 instrument from room temperature (RT)
to 1073 K under an Ar atmosphere. Seebeck coefficient and electrical
conductivity of the samples were measured by the commercial system
(Ulvac-Riko, ZEM-3) from RT to 1073 K in a He atmosphere.

3. Results and discussion
3.1. Optimization of B concentration

Fig. 1 shows the powder XRD patterns of the p-type SigoGeaoBx
(x = 0.1, 0.23, 0.5, 1.0, 1.5, 3.0) samples after SPS. All of the XRD
peaks agree well with the literature data (JCPDS:00-005-0565) and
[13,20,34], without any impurity phases, indicating the single phase of
SigoGeooBx. However, the asymmetric XRD peaks were observed, par-
ticularly for x = 0.1 and 0.23. Usually, the asymmetric XRD peaks can
occur from several causes, such as two phases, stacking fault, con-
centration gradient, dislocation, or strain. In our case, we believe that it
could be due to strain contribution since the larger atoms of Ge were
substituted for Si in these alloys. The addition of B with smaller size
atoms can accommodate the strain. Thus the asymmetric peaks are
reduced for increasing B content. The lattice parameters (a) calculated
from these XRD patterns are summarized in Table 1, which shows that
the a value is relatively the same for every sample (about
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Fig. 1. Powder XRD patterns of the SigoGe,oBy (x = 0.1, 0.23, 0.5, 1.0, 1.5, 3.0)
bulk samples.
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Table 1
Summary of lattice parameter (a), grain size, density (d), % of theoretical density (%TD), Hall carrier concentration (n), and Hall mobility () of SigoGesoBx-
Composition of B (x) Lattice parameter, a (nm) Grain size (um) d(gem™3) %TD n(x 10%° ecm™3) u(em?v-ts™h
MS SPS
0.1 0.5470 1.18 1.98 2.87 96 1.51 17.5
0.23 0.5468 1.11 1.86 2.87 96 2.25 19.7
0.5 0.5469 1.16 1.94 2.88 96 2.31 22.1
1 0.5470 1.27 1.97 2.87 96 2.54 20.8
1.5 0.5471 1.18 1.97 2.89 96 3.11 20.3
3 0.5469 1.32 1.95 2.87 96 6.22 15.7
0.23 [7] - - - 2.96 - 1.54 29.2

0.5470 *= 0.0002nm), independent of B concentration. Table 1 also
summarizes other physical parameters of the samples at room tem-
perature: grain size before and after SPS, density, percentage of theo-
retical density (%TD), Hall carrier concentration (n), and mobility (u).
The bulk densities of all samples are about 2.87-2.89 gcm ™2 corre-
sponding to 96%TD which is one of the important keys to achieve good
TE properties [4,21].

The SEM images of SigoGexoBy on the contact surface before SPS (MS
ribbons) and the polished surface after SPS are shown in Fig. 2. It is
clearly seen that all samples are very dense. The equiaxed grains were
observed implying the isotropic properties of the samples. The grain
growth was found after SPS as shown in Table 1 and in Fig. S1
(Supporting Information). However, the average grain size is in-
dependence of B concentration either for the MS ribbons or the SPS
samples. The chemical composition of the bulk SiggGe,oBy samples were
analyzed by using the EDS mapping technique, as shown in Fig. 3. The
measured compositions were very close to the nominal ones for Si and
Ge, as shown in Table 2, but the concentration of B could not be de-
termined due to the limit of the instrument. The elemental maps
showed that Si and Ge were distributed across the whole images at
relative wide field of views. At closer look, the Si-rich (Ge-depleted)
regions inside grains and the Si-depleted (Ge-rich) regions at grain
boundaries can be observed. However, though different in composition
for each region, the samples are still the single-phase solid solution
alloys since the Si and Ge display complete solid solubility [35]. The
single-phase formation was also confirmed by XRD in Fig. 1 which in-
dicated the satisfaction of the fabrication technique.

Temperature dependence of the TE properties of the p-type
SigoGeooBy samples is shown in Fig. 4. The data from the RTG sample in
reference [7] is also plotted. Fig. 4(a) shows the positive values of the
Seebeck coefficient (S) for all samples in the whole temperature range.
This shows the p-type conducting behavior of the B-doped SiGe. Fur-
thermore, S increased with increasing temperature but decreased with
increasing B concentration. Fig. 4(b) shows the electrical conductivity
(0) which decreased with temperature for all measurement tempera-
tures, suggesting the electrical transport behavior for degenerated
semiconductors [36]. The o of SigyGeyoBy varied with B concentration
such that the higher B the larger o.

The variation of S and o with B concentration for SigoGeyoBy is due
to the difference in carrier concentrations. As larger amount of B is
doped in SiGe, it generated higher hole concentration. The Hall mea-
surement summarized the values of carrier concentration (n) and mo-
bility (1) as shown in Table 3. It is shown that n increased with the
amount of B but no clear trend was found for y. Generally, for metals or
degenerated semiconductors, the Seebeck coefficient is inversely pro-
portional to n according to the equation [6]:

2/3
(3
3n
where kg, e, h are Boltzman's constant, elementary charge, and Planck's

constant, respectively. Therefore, with increasing n due to higher B
concentration, the S dropped monotonically. On the other hand, the

_ 81k m
3eh?
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electrical conductivity is directly proportional to n according to the
relation:

o = neu

@

Since p is almost independent of B concentration (Table 1), o in-
crease linearly with the added amount of B.

The power factor (S%0) of SigoGeaoBy is illustrated in Fig. 4(c) which
shows a variation of the power factor with B concentration. Compared
to the RTG reference data, the power factors of most samples show
relative lower values, with exception for x = 0.5 and 1.0 which show
the larger power factors at high temperature range. The maximum
power factor of 2.3mWm ™' K~ 2 was obtained at 1073 K for x = 1.0.

Fig. 4(d) shows the decrease of thermal conductivity (x) with in-
creasing temperature for all samples. The measured « for x = 1.0, 1.5,
3.0 are very similar to the RTG reference data for the whole tempera-
ture range. On contrary, for the lower B concentration (x = 0.1, 0.23,
0.5), k were significantly lower than the RTG data. The total thermal
conductivity (k) is contributed from two components: the electronic
thermal conductivity («x.) and the lattice thermal conductivity (x,.). The
electronic thermal conductivity can be estimated from the Wiedemann-
Franz law [37]:

%, = LoT 3)

where L is the Lorenz number ~ 2.44 x 10~8 W Q K~ 2. Therefore, kja
can be calculated and are represented in Fig. 4(e). The ki, of all samples
decreased with increasing temperature implying that the phonon-
phonon scattering is the main scattering mechanisms for . [37].
Furthermore, the values of «j,, are nearly the same for every SigoGe,oBx
sample throughout the measurement temperature. Therefore, the
reason for the increasing total x with higher B concentration in Fig. 4(d)
is attributed to the k. contribution since ¢ increase with the amount of
B. The addition of B in SiGe has almost no effect on the phonon
transport. This implication is in fact supported by the XRD analysis
where the lattice constant is insignificantly changed with B con-
centration. Therefore, the phonon transport is not interrupted by B
addition.

The dimensionless figure-of-merit, ZT as a function of temperature
is shown in Fig. 4(f). It can be seen that the ZT of every sample increases
with temperature. The maximum of 0.71 at 1073 K is found for x = 0.5,
which is about 40% higher than that of the RTG reference (ZT ~ 0.5 at
1073 K). However, our peak value of ZT is still lower than some of the
literature values reported recently for the p-type SiGe, for example,
Zebarjadi et al. with ZT of 0.92 at 1173 K [19], Joshi et al. with ZT of
0.95 at 1073 K [10], or Bathula et al. with ZT of 1.2 at 1173 K [20]. To
investigate the effect of B concentration on the maximum ZT, we
plotted ZT,,4. against B concentration as shown in Fig. 5. There exists a
peak value around the B concentration of 0.5. This is justified since
adjusting B concentration leads to a change in carrier concentration
which certainly affects the TE properties. Only the optimized carrier
concentration results in the peak ZT. Furthermore, the variation of the
data follows a log-normal distribution (red curve), which is typically
observed in any kind of TE materials [6,33,38].

From this part of the experiments, the composition SiggGesoBo s
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Fig. 2. SEM images of the SigoGeooBy alloys (x = 0.1, 0.23, 0.5, 1.0, 1.5, 3.0) on
the contact surface before SPS (left) and the polished surface after SPS (right).

shows the largest ZT for most of the temperature range. This compo-
sition was then subjected to the investigation of the processing para-
meter optimization.

3.2. Optimization of processing parameters

The processing parameters of interest in the present study are the
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rotating speed of the Cu wheel in the melt spinning (MS) process, and
the holding time in the SPS process. Firstly, the rotating speed of the Cu
roller was adjusted from 2000 rpm 6000 rpm (equivalent to ~ 21 —
63m/s). In the previous experiment, the speed of 2000 rpm was
exploited. By increasing the rotating speed, it is assumed that the
molten alloys would be solidified more rapidly and would result in
more refined microstructure of the ribbon samples which in turn could
improve thermoelectric characteristics of the bulk samples.

The photographs of the SiggGe,oBo s ribbon samples produced at
different rotating speed are shown in Fig. 6. It is clearly seen that in-
creasing the rotating speed resulted in smaller ribbons. The ribbon melt
spun at 2000 rpm could be several centimeters long but at 6000 rpm the
samples are at millimeters or sub-millimeters length scale. After
crushing and compressing under SPS, the investigation for the phase
and crystal structures of the samples was carried out using powder XRD,
as shown in Fig. 7. The main peaks of all samples agreed well with
standard Si peaks (JCPDS Card No. 00-005-0565), indicating that the
rotating speed did not affect the crystal structure. The lattice para-
meters of the bulk samples were analyzed and summarized in Table 3.
Similar to what found the Section 3.1, the lattice parameters did not
change significantly with the Cu wheel rotating speed. The a value was
still relatively about 0.5470 + 0.0002 nm for every processing condi-
tion. Also presented in Table 3 are the densities after SPS which are
very high (~ 96% of theoretical density) for every sample.

The SEM image of the SigoGesoBo s samples after MS (contact sur-
face) and after SPS (polished surface) under different rotating speed are
shown in Fig. 8. It can be seen that increasing the rotating speed of the
Cu wheel resulted in the smaller grain sizes for both the ribbon samples
(Fig. 8 left) and the bulk samples after SPS (Fig. 8 right). Quantitative
analysis of the grain sizes is shown in Fig. S2 (Supporting Information).
Obviously, one can see that though the rotating speed did not affect
much for the grain size of the melt spun (MS) ribbon samples, it did
have a significant effect on the SPS bulk samples. The grain size of the
SPS sample at the speed of 2000 rpm was found to be around 2.0 pm but
substantially reduced to ~ 1.1 um at the speed of 6000 rpm, with very
small grain growth compared to the grain size of the ribbon at the same
speed (~ 0.9 um). The reduction in the grain size was expected to have
an influence on thermoelectric properties.

Temperature dependence of the thermoelectric properties of the
SigoGe2oBo s bulk samples is shown in Fig. 9. Interestingly, all the TE
properties (S, o, k) for different rotating speed are insignificantly dif-
ferent throughout the measurement temperature. For all samples, the S
values were positive for the whole temperature range (Fig. 9a) in-
dicating the p-type semiconducting behavior with hole as charge car-
rier, which was supported by the Hall measurement. The o values de-
creased with increasing measurement temperature (Fig. 9b), implying
the degenerated semiconducting behavior. The similarity of the TE
properties for the samples with different rotating speed is totally un-
expected. However, plausible explanations can be found. Firstly, it can
be explained regarding the carrier concentration (n) and mobility (1)
from the Hall measurement as summarized in Table 3. Increasing ro-
tating speed did not result in the obvious changing trend of n and p.
This is understandable since the level of dopants in the samples did not
change, the carrier concentration level was expected to be invariant (n
~ 2 x 10%° ¢m™3). Furthermore, the mean free path of holes in Si-
based materials is much shorter than the microstructural length scale of
the present samples [11,21]. Therefore, such reduction of grain size
(down to 1.0 um) has no contribution to the scattering rate of hole
transport. As a result, the power factor is nearly the same for the
samples subjected to different rotating speed in MS process (Fig. 9¢).

It should be mentioned that in the previous works, the melt spinning
technique was employed in refining the microstructure of Si/silicides
systems. For instance, in the Si ribbon dispersed with VSi, particles, the
size of the VSi, particles were significantly reduced to a few nanometers
when the Cu wheel was rotated at high speed [31]. Also, in the Si-CrSi,
alloys, using the melt spinning technique created the nanostructures
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Fig. 3. EDS mapping images of the SigoGeooBx bulk samples: (a) x = 0.1, (b) x = 0.23, (¢) x = 0.5, (d) x = 1.0, (e) x = 1.5, and (f) x = 3.0.

Table 2
Chemical composition of SiGeB, (x = 0.1, 0.23, 0.5, 1.0, 1.5 and 3.0) de-
termined through the EDS analysis (at%).

Samples SiggGeaBx Composition (at%)

Si Ge B
0.1 80.87 19.13 -
0.23 81.17 18.83 -
0.5 80.49 19.51 -
1.0 79.76 20.24 -
1.5 80.01 19.99 -
3.0 80.10 19.90 -

with the scale of 20-40 nm at the eutectic composition (Cri4.¢Sigs.1)
[30]. However, in these two examples, the grain sizes of the bulk Si
were in a range of a few microns. Therefore, the results in the present
study were supported by the previous studies.

Fig. 9d shows the temperature dependence of x which is nearly the
same for all samples. After subtracting k., k¢ as a function of tem-
perature was plotted as shown in Fig. 9e. Again, no distinct difference
was found amongst any sample. The implication is that the grain size
reduction by increasing rotating speed did not further contribute to
phonon scattering. According to previous reports, in order to reduce
phonon transport, all-scale hierarchical architectures needs to be in-
troduced to the material bulk structure [4,38]. The solid solution and
nanoparticles can effectively scatter a significant portion of phonon
with shorter mean free path (MFP) whereas the phonon with longer
MFP can be controlled by the mesoscale architecture, such as grain
boundaries with the grain size of sub-micrometer scale. The grain size
reduction in the present work was still in the micrometer regime
whereas the average phonon MFP in SiGe alloys was about 200 -
300 nm [11,21]. Therefore, only minority portion of phonon was scat-
tered at grain boundaries, and x,, hence was not effectively reduced.

Combining the TE measurement in Fig. 9a—d, the ZT values were
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Fig. 4. Temperature dependence of (a) Seebeck coefficient (S), (b) electrical conductivity (o), (c) power factor ($%0), (d) thermal conductivity (x), (e) lattice thermal
conductivity (kja), and (f) the dimensionless figure-of-merit (ZT) for the SigoGe,oBx bulk samples (x = 0.1, 0.23, 0.5, 1.0, 1.5 and 3.0).

Table 3

Summary of lattice parameter (a), grain size, density (d), % of theoretical
density (%TD), Hall carrier concentration (n), and Hall mobility (1) of
SigoGexBo.s with changing rotating speed of Cu wheel in the melt spinning
(MS) process.

Cu wheel Lattice Grain size (um) d(gem™3) %TD n(x u
rotating ~ parameter, 10%° (cm®
speed a (nm) MS SPS em™3) Vv7!
(rpm) s
2000 0.5469 1.16 1.94 2.88 96 2.31 22.1
3000 0.5470 1.10 1.88 2.87 96 2.09 27.2
4000 0.5470 1.05 1.47 2.88 96 1.89 29.5
5000 0.5471 0.95 1.18 2.87 96 2.44 22.4
6000 0.5470 0.87 1.06 2.89 97 1.98 27.6
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plotted as shown in Fig. 9f. It is obvious that ZT of the SigyGe,oBg 5 bulk
sample is independent of the Cu wheel rotating speed in the MS process.
However, at high temperature regime the ZT values of every sample are
significantly larger than the RTG reference.

Next, the holding time in the SPS process was investigated. The idea
of this experiment was to introduce voids or pores into the micro-
structure of SigoGeooBg s bulk materials. It was previously investigated
that the introduction of nanopores in SigoGey alloys could significantly
enhance the ZT by mainly suppressing the x,, contribution by several
folds [20]. Therefore, in our experiment, it was aimed to create such
pores by varying the holding time in the SPS process. The SiggGeooBo 5
melt spun ribbons (at the speed of 2000 rpm) were compressed to the
bulk form by SPS at 1323 K using the holding time of 3, 4, 5, 6 and
7 min.

The effect of holding time on the density of the bulk SigoGesoBo s
samples was investigated and shown in Fig. 10. It is clearly seen that the
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density was significantly reduced when the SPS holding time was below = g‘ é § é
5min, but was relatively stable (with approximately 96% of theoretical S S E— | — |
value) for the holding time of 5min and above. Thus, there exists the 20 30 40 50 60 70 80
threshold of the SPS holding time of at least 5 min to obtain the highest 20

density. Below 5min, the density decreased with increasing porosity
within the structure, which may have an effect on TE characteristics.
To test the hypothesis, the TE properties of the bulk sample with
different SPS holding time was studied as shown in Fig. 11. It is clearly
seen in Fig. 1la that shortening the holding time suppressed the
thermal conductivity as the «x for 3 and 4 min are significantly lower

Fig. 7. Powder XRD patterns of the SigoGeooBo s bulk samples produced from
the difference in the Cu wheel rotating speed (2000-6000 rpm).

6000 rpm

Fig. 6. Photographs of the melt spun SigoGe20Bo. s ribbon samples produced from the Cu wheel rotating speed of 2000-6000 rpm. The scale bars are 1 cm.
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ey
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Fig. 8. SEM images of the SiggGezBo 5 alloys produced from the difference in the Cu wheel rotating speed (2000-6000 rpm) on the contact surface before SPS (left)

and the polished surface after SPS (right).

than other samples. Further analysis shows that the effect of shortening
SPS holding time suppress the phonon contribution as the xj,, are very
low for the samples with 3 and 4 min holding time (Fig. 11b). The other
samples exhibited insignificantly different values of k. It can be in-
ferred that as the holding time was shortened, the SiGe grains of the
bulk samples were not well connected fused and the micro/nano pores
were created which acted as phonon scattering sites [39,40]. These
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factors effectively scatter phonon and suppress the « and i, as observed
in Fig. 11a and b.

Although thermal transport of the bulk samples was successfully
reduced by lowering the holding time in the SPS process, unfortunately,
it had a direct impact on the electrical contribution. As shown in
Fig. 11c, the power factors are not different for the holding of 5 min and
above, but the power factor significantly dropped for the samples with
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samples as a function of SPS holding time.

the SPS holding time of 3 and 4 min. The substantial decrease in the
power factor was also due to the increase of porous structures in the
samples which did not only suppress phonon but also scattered electron
strongly [39-41]. It was previously shown that the power factor in
several thermoelectric materials was maximized in highly dense bulk
material [38,42,43]. Therefore, acquiring highly dense bulk sample
with the density of > 95% of the theoretical value is very critical to
achieve large power factors.

Lastly, by combining the measured TE properties, the ZT were cal-
culated and shown in Fig. 11d. One can see that no significant differ-
ence in ZT can be found in any sample throughout the whole tem-
perature range. The ZT could not be improved further by adjusting the
holding time in the SPS process. In fact, through literatures, the effect of
SPS holding time was found to be less influential to the TE properties
compared to the other SPS parameters, e.g. temperature, heating rate,
applied pressure [42,44]. However, though the ZT was not enhanced,
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the ZT in all samples were much larger than the RTG reference, espe-
cially at high temperature. It should be noted that the minimum holding
time of 5 min was recommended since it provided the minimum time to
achieve > 95% theoretical density. Highly dense sample also had a
benefit for exhibiting good mechanical properties, reliability and dur-
ability [34,45,46].

4. Conclusions

The p-type SigoGesoBx alloys were successfully fabricated by a
combination of arc melting, melt spinning and spark plasma sintering.
The effect of B concentration was investigated and was found that the
carrier concentration varied proportionally with B content. Thus, S
decreased and o increased with B concentration with the optimum va-
lues around x = 0.5 - 1.0. k increased with the amount of B but «j, was
mostly unchanged. The best nominal composition of was found to be
SigoGeooBo s with the maximum ZT of 0.71 at 1073 K, approximately
40% higher than the RTG reference. Moreover, the dependence of the
Cu wheel speed in the MS process on the microstructure and TE prop-
erties was examined. The grain sizes of the ribbon samples and the bulk
samples were evidently reduced with the faster Cu wheel. Nevertheless,
the TE properties were indifferent for any rotating speed, probably due
to the insufficient reduction of the grain sizes to nanometer regime. SPS
holding time was another factor studied in the present work. It was
found that the shorter SPS holding time resulted in the samples with
lower densities. The porosity might have formed in the less compacted
samples which led to the suppressed x when the holding time was
shorter than 5min. However, the porous structures also interrupted
electrical transport causing the decrease in the power factor.
Consequently, the optimized holding time was about 5 min to assure the
fully dense sample which possess both excellent TE and mechanical

properties.
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ABSTRACT

Enhanced functional properties of cement pastes were achieved by introducing hard magnetic
powders (NdFeB) in the mixture. The magnetic cement (cementitious magnet) employed a simple
and cheap cementitious process to form complex shapes of NdFeB magnets. The NdFeB particles
were distributed uniformly in the cement matrix. The density and compressive strength of the
magnetic cement composites increased with NdFeB concentration. The magnetization (stable up
to one year) also increased with NdFeB powder but the coercivity did not change. The saturation
magnetization (~85 emu/g) and coercivity (~7000 Oe) of the magnetic cement composites were
larger than a pure Ni, cubic or hard ferrites. The energy product (BH)max was found to be ~1.0
MGOe, comparable to ferrite bonded magnets. The permanent magnetic ability was demonstrated
by using the magnetic cement for lifting metallic pieces or other magnetic cements. The endurance
of the samples was also tested in two artificial environments.
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1. Introduction

Cement is one of the most consumed materials for construction [1]. Due to the more
demand for the functions of a structure, the functional properties of construction materials have
received more attentions [2]. The functional properties of cement can be utilized by the addition
of appropriate fillers in cement-matrix composites. The applications of functionalized cement
composites may include sensing (strain, damage, temperature), thermal control, vibration
reduction, electromagnetic shielding, and energy harvesting [2, 3]. A recent trend is to exploit
many types of nano-materials, such as nano-SiO., nano-Al203, nano-TiO-, nano-clay, and nano-
carbon based materials, to improve mechanical properties as well as multi-functionality of cements
[4]. For example, Han et al. reported the assembly of carbon nanotube (CNT) and nano carbon
black into cement matrix to fabricate smart cement [5]. The flexural strength and electrical
conductivity were effectively improved. Their smart cement composites also showed the stable
and sensitive piezoelectric properties which could be employed as stress-strain monitoring sensors.
In another work, the electrochemical impedance spectroscopy (EIS) was used as a non-destructive
test for determining the fracture toughness of cement composites [6]. CNT was added into cement
matrix to decrease electrical resistance which was linearly dependent with the fracture toughness
of the samples. Liu et al. mixed carbon nanofiber in the cement-based composite to improve
electrical conductivity [7]. The alternating current was then applied to the sample to generate
Ohmic heating which was necessary to accelerate the hydration reaction and delay the frost damage
of cement-based materials under very cold weather. Cement-based composites were also studied
for energy storage devices. As an example, Zhang et al. fabricated a structural supercapacitor based
on graphene and hardened cement paste [8]. Abundant pores inside hardened cement paste store
ionic liquid for energy storage in supercapacitor which led to relatively large specific capacitance
with reasonable compressive strength. Electromagnetic wave absorption is another interesting
functional property of cement-based composites. Xie et al. introduced helical carbon fibers and
expanded glass beads into the cement matrix which showed the high electromagnetic absorbing
capacity with wide effective bandwidth [9].

In recent years, an introduction of magnetic particles into cement matrix is also another
interesting choice to improve mechanical and other properties of cement-based materials. Iron
oxide (Fe2Os, Fe304) nanoparticles (IONs) are amongst the most favorite fillers for mixing in
cement. Not only that the cement composites mixed with IONs showed the improvement in their
compressive strength [10-13], the other functionalities are also enhanced. For instance,
electromagnetic wave absorption of cement-based composite was significantly enhanced when 5%
of nano-Fe304 magnetic fluid was added, which showed a potential application for electromagnetic
interference shielding buildings [10]. IONs mixed with cement pastes were also used as an
embedded small resonator antenna [14]. The micro-sized IONs were the most effective to improve
the performance (a small resonance frequency shift and an increased bandwidth) of the antenna.
Moreover, the cement composited with IONs was reported to show an enhancement in the
piezoresistive behavior [13]. In another work, ordinary Portland cement (OPC) concrete containing
nano-Fes0s was tested in chloride and sulfate environments [15]. The results showed that the
magnetic cement composite was less susceptible to corrosion relative to the reference material.
The enhanced electrochemical stability was due to the absence of passive film breakdown and an
enhanced electrical resistance to charge transfer. In the research by Seifan et al., magnetic IONs
were employed as the protective vehicle for immobilized Bacillus bacteria, which were then loaded



in the OPC mixture [16]. They found that the incorporation of the bacteria in the cement matrix
improved a crack healing behavior compared to a control specimen.

Apart from IONs, the mixture of cement matrix with other species of magnetic particles
have been studied. Carbon encapsulated Co, Ni, Fe nanoparticles were mixed with cement-based
matrix [17, 18]. The cement composites showed the improvement of mechanical properties in the
case of Co and Ni nanoparticles but the opposite effect was observed for Fe nanoparticles.
Ferromagnetic resonance-electron paramagnetic resonance (FMR/EPR) methods were
successfully employed to identify the characteristics of the cement composites containing metallic
magnetic nanoparticles [17-19]. Also, Ni fiber was dispersed in cement matrix and the
electromagnetic shielding effectiveness of the cement/Ni fiber composites was substantially
enhanced for the optimized volume of Ni fiber [20]. From the research so far, only soft magnetic
particles have been incorporated into cement composite, but the addition of hard magnetic
materials, such as Nd2Fe14B, has never been reported.

Nd2Fe14B (NdFeB), discovered in 1982 by two research groups independently, is one class
of hard magnetic materials with remarkable performance (magnetic remanence (Br) above 1 T,
coercivity (Hc) higher than 1,000 kKAm™, and energy product (BH)max as high as 400 kim=) [21,
22]. It has been used in many components, e.g. motors, wind turbine generators, cell phones, hard
disk drives, cameras, sensors [23, 24]. Production of NdFeB is more than 80,000 tonnes and it
occupies two-thirds of permanent magnets in the worldwide markets [21, 25]. Due to an increasing
demand for high performance permanent magnets, such as in highly efficient motors for electric
vehicles and robots, a substantial effort to improve the properties of NdFeB magnets has been
provided from both industrial and scientific sides. One of obstacles for the development of NdFeB
magnet is the capability to produce complex and net shaped magnets [25]. NdFeB is generally
classified into two groups: sintered and bonded magnets. Sintered magnets retain nearly full
density and maximize the energy product but the formation of complex geometrical shape is
difficult due to the limitation of the conventional manufacturing techniques. The advanced
technique, such as a direct metal 3D printing by selective laser melting [24], can overcome this
difficulty but with the much higher manufacturing cost. On the other hand, bonded magnets are
typically fabricated by blending NdFeB powders with polymeric binders, and casted into a mold
with the final net shape. This makes the bonded NdFeB have a higher degree of net-shape
formability but with a sacrifice of lower energy product. Conventional process in fabrication of
bonded magnets include compression molding or powder injection molding. Recently, an additive
manufacturing (AM) technique, also known as 3D printing, has been applied to fabricate near-net-
shape bonded NdFeB with magnetic and mechanical properties comparable to traditional methods
[26-28]. However, a special tool with computer-aided design (CAD) models is required and several
processing parameters need to be properly adjusted.

In the present research, we propose a novel idea for fabrication of NdFeB magnets using a
cementitious route. NdFeB powders were thoroughly mixed with cement and water, and casted
using a simple cementitious process. The complex and net shaped NdFeB magnets were easily
obtained. Conversely, this cementitious formed magnet can be considered as a magnetic cement,
i.e. a cement-based composite with hard magnetic properties. The magnetic particles provide the
enhancement in both mechanical and magnetic properties of the cement/NdFeB composites.

2. Experimental



2.1 Materials

Ordinary Portland cement type | was used in the whole experiment. For magnetic particles,
Nd2>Fe14B powders (NdFeB crushed ribbon) were kindly supplied from Magnequench (Korat) Co.,
Ltd., Thailand. The density of the NdFeB powders was 7.63+0.20 g/cm?®. Particle size distribution
was 216+5.8 um, measured from the particle analyzer equipment (Malvern, Mastersize). The
maximum energy product (BH)max was 15.4 MGOe.

2.2 Sample Preparation

To prepare magnetic cement paste, cement, magnetic powders and water were mixed
according to the ASTM C305-06, and casted into 25x25x25 mm? acrylic molds. After 24 h, the
samples were de-molded. The amount of NdFeB powders was varied from 0 to 80 wt.% of the
total powder mass. The water-to-cement (W/C) ratio was adjusted between 0.5 and 0.7. The
process for forming a magnetic cement sample is very simple and cheap. The movie clip (VDOL1)
in supplementary section summarize the manufacturing process. As the mass of NdFeB was
increased, the mixed paste became more viscous and was difficult for molding. Therefore, the
rheology of the magnetic cement paste was tested using a miniature slump (mini-slump) cone test
[29, 30]. According to ASTM C143, the paste was poured into a truncated conical mold, which
was then lifted in a vertical position. The paste was left to spread, and the diameters of paste were
measured. The workability (%W) was calculated from the equation:

0
do

where d is the spread-out diameter of magnetic cement paste, and do is the diameter of the original
diameter.

%W=< )XlOO

2.3 Characterization techniques

The mechanical properties of the magnetic cement composites were tested by using a
universal testing machine (UTM, Chun Yen testing machine Co., Ltd., CY-6040A12). The
maximum load of 50 tons was applied at a rate of 50 kN/min until the samples fractured. According
to ASTM C109, a 50 mm sample cube is normally used for measuring compressive strength of
pastes, but a smaller 25 mm specimen cube has also been successfully used [31-33]. It should be
noted that this could result in higher compressive strength values due to the smaller geometry of
samples. However, the results can be compared amongst the same sample size.

Magnetic properties were investigated by measuring magnetization (M) versus magnetic
field (H) using a vibrating sample magnetometer (VSM) option in the VersaLab instrument
(Quantum Design, USA) under a maximum field of 30 kQe.

The distribution of magnetic NdFeB particles in the composite samples was observed under
an optical microscope. The microstructure of the samples (fractured surface) was determined using
a scanning electron microscope (SEM, LEO 1450VP). Prior to imaging with the SEM, the samples
were gold coated to improve conductivity. The chemical composition was analyzed by an energy
dispersive X-ray spectroscopy (EDS, Oxford INCA) equipped with the SEM. The information on



phases and crystallinity were collected by X-ray diffraction (XRD) using a diffractometer
employing Cu-Ka radiation (PANalytical, Empyrean) in a 26 range of 10 - 80°.

2.4 Tests under artificial environments

To explore the stability and durability of the magnetic cement composites, the samples
were subjected to two artificial environmental conditions. In the first experiment, after the samples
were casted for 3 days, they were put in an oven adjusting temperature to 80 °C, and soaked in that
temperature for up to 28 days. For the second environmental conditions, the 3-day age pastes were
immersed in an artificial sea water for up to 28 days. The properties of samples after both
experiments were determined.

3. Results and discussion

Fig. 1 shows the workability of the magnetic cement pastes as a function of NdFeB
concentration. For NdFeB of lower than 40 wt.%, the workability is not significantly varied, but
at higher than 50 wt.% NdFeB the workability decreased rapidly. Fig. 1b-d show the pictures of
the pastes during the workability test. Without magnetic powder, the paste spread out easily
representing good rheological flow. For 70 wt.% NdFeB, the paste is so viscous that it holds the
shape of the conical mold. At higher NdFeB of 80 wt.%, the paste cannot be formed, due to the
excessive amount of magnetic powders and insufficient amount of cement and water, and the
samples cannot be molded into the desired shape. With this reason, we thus limit the amount of
the NdFeB powder to 70 wt.% for the rest of the experiments.

The picture of a hardened magnetic cement paste is shown in Fig. 2a. The shiny bits of
NdFeB flakes can be observed on the surface of the sample. Investigation under an optical
microscope (Fig. 2b-e) shows that the magnetic particles are dispersed uniformly. No obvious
clusters of the NdFeB powders can be observed. The visualized NdFeB particles increase with
increasing amount of the added powders. The particle size falls in the range of a few hundred
microns, which are in a good agreement with the measurement by the particle analyzer equipment
(Malvern, Mastersize) (216+5.8 um).

One obvious advantage in mixing magnetic powders into cement is the ease of forming a
complex shape. For a demonstration, a cementitious magnet was molded in a variety of shapes, as
shown in Fig. 3a. The process is very cheap and simple, compared to other commercialized (e.g.
injection molding) or developing (e.g. 3D printing) processes at present [26, 27]. After demolding,
a magnetic cement (cementitious magnet) in any shape can be obtained (Fig. 3b), and the
homogeneous dispersion of magnetic particles can still be found on the surface of the sample (Fig.
3c). The whole mixing, molding and demolding processes can be seen in movie clip (VDOL) in
supplementary section.

The density and compressive strengths of the magnetic cement composites are illustrated
in Fig. 4. The density increased with %NdFeB powder since the density of the magnetic powder
(7.63+0.20 g/cmq) is much higher than that of the pure cement paste. The density decreased slightly
at the cement age of 28 days (compared to 7-day age), possibly due to the evaporation of water.
The compressive strength (Fig. 4b) shows an increasing trend with higher concentration of NdFeB
powder. This could be due to a large compressive strength of NdFeB (1,100 MPa) [34]. However,



the increasing trend is not so obvious for the 7-day age of cement pastes since the hydration
reaction of the cement is still not matured. For the cement pastes of 28 days, the hydration reaction
is more advanced leading to significantly higher compressive strength. Also, the increasing trend
of the compressive strength with NdFeB is more obvious. Fig. 4 summarizes that the addition of
NdFeB magnetic particles does not only increase the density of the composites but also improves
the mechanical property of the samples. This finding proves that the cementitious process (wet
process) did not have an effect on NdFeB, which is in fact well-known for its poor corrosion
resistance in humid environments [35, 36]. The cementitious route can be applied as a simple and
cheap process in fabricating NdFeB composite magnets.

The fractured samples after compression test at 28 days were investigated under SEM and
the results are presented in Fig. 5. For the control cement paste without NdFeB powder (Fig. 5a),
a smooth and dense surface of calcium silicate hydrate (C-S-H) gel was observed, indicating the
mostly complete hydration process of cement and water [37]. For the magnetic cement samples,
the magnetic particles are readily visualized with the size around a few hundred microns. The
NdFeB particles are homogeneously embedded in the C-S-H gel, without any obvious
agglomeration. At the 50% of NdFeB powders (Fig. 5b), the morphology of the C-S-H surface is
still smooth and compact as in the case of the pure cement paste. For the lower amount of NdFeB
powders, the morphology of every composite surface looks very similar. However, once the
amount of the NdFeB increases to 60% and 70%, a significant change in the microstructure is
observed (Fig. 5c, d). Although the smooth surface of C-S-H with embedded NdFeB flakes can
still be observed, a substantial amount of the unreacted cement powders is found. This is due to
insufficient water for a complete hydration reaction with raw cement powders [38]. It is
understandable since in these experiments, the W/C ratio was fixed, and as the higher amount of
NdFeB powders were loaded into the mixture, the amount of cement was substantially reduced.
Consequently, the water was also decreased, leading to insufficient water for complete hydration
reaction as observed in Fig. 5¢,d. EDX point analysis was used to study the chemical composition
of the cement matrix (green square) and the magnetic powder (yellow circle). The results, as
tabulated in Table S1 and S2 (supplementary), show that the major elements in the matrix phase
include Ca, Si and O, as expected, with some of Al and Fe. In the magnetic powder area, the
concentration of Fe was significantly higher, and Nd was presented. The ratio of Fe:Nd is close to
the nominal formula, Nd2Fe14B. In addition, the formation of the composite phases was confirmed
by the XRD patterns, as shown in Fig. S1 (supplementary).

The magnetization (M-H) curves of the magnetic cement composites are shown in Fig. 6a.
As expected, a nearly flat straight line was found for the cement paste without NdFeB, since a pure
cement paste is non-magnetic. With the addition of NdFeB powders, the hysteresis loops were
observed for the magnetic cement composites. The height of the loops is varied with the amount
of NdFeB but the width of the loop is almost the same. For comparison, the M-H curve of the
NdFeB powder was also plotted. From Fig. 6a, the values of saturation magnetization (M),
remanence (M), and coercivity (Hc) are extracted and plotted, as shown in Fig. 6b. Ms and M;
increase linearly with NdFeB concentration, which is understandable from the linear combination
of the composite phases. The Ms and M; of the magnetic cement at 70% NdFeB are as high as 85
and 55 emu/q, respectively. As for comparison, the Ms value of the magnetic cement sample is
higher than a pure Ni and some cubic ferrites whereas the M, value is comparable to hard ferrites
[23, 39]. The more interesting point is that the magnetization (Ms and M) values are very stable
in ambient environment up to 300 days (Fig. 7). Typically, the cement hydration is a continuous
process for a very long period, meaning that there is a humid environment in the cement paste



sample, which may cause oxidation or corrosion of the NdFeB powders [35, 36]. However, it is
not the case for the present work since the magnetization is invariant for up to nearly one year.
This finding is quite unexpected but it proves the durability of the magnetic cement composites
which make them functional and operational enduringly. On the other hand, the Hc¢ values (~7,000
Oe) are independent of magnetic powder concentration (Fig. 6b), and the same as Hc of raw NdFeB
powders. Their values make the magnetic cement composites magnetically ‘harder’ than some of
the commercialized permanent magnets, such as alnico or hard ferrites [39, 40].

One important quantity for a permanent magnet, its figure-of-merit, is defined as the energy
product (BH) which can be found from the demagnetizing curve in the second quadrant of the
hysteresis curve. Fig. 8a shows the plot of the demagnetizing curve (MH and BH) of the magnetic
cement composites with several NdFeB concentrations. The areas under the curves are
proportional to the amount of added NdFeB powders. The BH curves are plotted in Fig. 8b, and
the maximum energy product (BH)max can be extracted from the peak of the curves as shown in
Fig. 8c. As one can see that for a small amount of NdFeB powders, the (BH)max values are
negligibly small, but raising the concentration of NdFeB powders leads to an exponential increase
of (BH)max. However, even for the highest (BH)max for the 70%NdFeB cement composite, its value
(~1.0 MGOQe) is an order of magnitude lower in comparison to a fully dense NdFeB sintered
magnet, and still a few folds lower than other types of permanent magnets, such as hard ferrite or
alnico [39, 40]. Even if we compared the (BH)max Of the magnetic cement with typical NdFeB
bonded magnets [41, 42] or the recently developed additive manufacturing NdFeB bonded
magnets [26, 27], it is still several folds lower. The (BH)max Of the cementitious magnet in this
work is only comparable ferrite bonded magnets [42]. Nevertheless, from Fig. 8c, it is obviously
seen that the energy product is increasing exponentially with the addition of NdFeB powder in the
cement composite. Hence, increasing the amount of NdFeB powders could substantially boost the
(BH)max for several folds. Although as mentioned earlier that the amount of NdFeB was limited
due to the formability and moldability of the magnetic cement paste, the issue could possibly be
solved by the addition of more water (using higher W/C ratio), or the exploitation of a
superplasticizer. Several types of superplasticizers have been employed in preparing cement
composites, for example, cement nanocomposites with graphene oxide [43] or nanosilica [44]. The
presence of superplasticizer can reduce the amount of water required in mixing the cement pastes
and better control the rheological behavior. Alternatively, a higher grade of NdFeB powders with
higher (BH)max could be used [22, 41]. Therefore, a way to improve the energy product for a
cementitious magnet is certainly possible.

The fabricated magnetic cement samples have been demonstrated for their permanent
magnetic ability. As shown in Fig. 9 and the movie clip VDO?2 in the supplementary section, the
samples could be used to attract and lift metallic paper clips and nails, or other pieces of the
magnetic cement samples. They can also stick upside down vertically to a steel bar by their
magnetic force (Fig. 9). These demonstrations open up the potential application of the magnetic
cement composites as they can be used in magnetic lifting, advanced construction, novel
architecture design, decoration, toys etc., apart from the electromagnetic shielding applications
[10, 20]. In fact, though in their infancy, magnetic cement composites have been commercialized
for inductive applications by a few companies [45-47]. They claimed that their magnetic cement
and concrete products, with soft magnetic properties, could be used to enable static and dynamic
wireless charging of electric vehicles. These are still the ongoing projects with a very bright future.
Therefore, the magnetic cement composite in the present work, with the hard properties, could



easily find a new market. Moreover, one can imagine the use of hard magnetic particles in cement
matrix as a mean for resisting crack propagation. Unlike a concept of self-healing concrete where
cracks are self-healed by a combination of complicated chemical and physical processes [48], the
magnetic force between magnetic particles in cement composites could help resisting the initiation
of micro-crack even before it was formed. Nonetheless, a lot more research is required to explore
this idea.

In field applications, the samples may be subjected to a variety of environments. Here, we
simulate two artificial environments to test the stability and durability of the samples. The
magnetic cement composite and also the control sample were either baked at 80 °C for 28 days or
soaked in sea water for 28 days. After that, the mechanical and magnetic properties were
determined as shown in Fig. 10. Without any treatment, the compressive strength of the magnetic
cement composite is higher than the control cement paste. For the treated samples, the compressive
strengths decreased compared to the non-treated sample for both the control and magnetic samples.
By baking, the cementitious products lost water, and thus the mechanical property was
deteriorated. For sea water treatment, the cement matrix was attacked by chlorides and sulfates
leading to a decrease in strength [15]. However, the sample with NdFeB powder showed a slightly
higher strength for the 80 °C baked sample. This is understandable since some parts of cement
were substituted with a stronger NdFeB powders, which was also oxidation resistive at 80 °C [49].
The magnetic composite sample shows a decrease in strength after submerged in sea water but the
strength is not significantly different from the control cement paste under the same treatment. The
chloride and sulfate components in the sea water do not only have a negative effect on cement
matrix but also on corrosion of NdFeB materials as previously reported [50, 51]. Nonetheless,
from Fig. 10a it is obvious that the addition of NdFeB powders in the cement composites do not
worsen the mechanical property of cement paste under extreme conditions. It implies that the
magnetic cement composite can be exploited in a field application as same as a pure cement paste.

The magnetic hysteresis loops of the control and tested samples are shown in Fig. 10b. The
sample baked at 80 °C shows an enhanced magnetization compared to the control sample. The loss
of water during the annealing process could be the main reason for the higher Ms and M. On the
other hand, the sample immersed under sea water shows an obvious reduction in magnetization.
This is due to the corrosion of NdFeB from chloride and sulfate attacks [50, 51]. The corrosion
resistance could be improved by using NdFeB doped with some elements [36] or coated with oxide
films [35]. It should be noted that though the magnetization changed by treating the magnetic
cement composite in the artificial environments, the coercivity remained relatively unchanged.

Lastly, we have applied the cementitious process in making magnetic cement composites
to another binding material: geopolymer. The NdFeB powders have been successfully
incorporated into fly ash geopolymer matrix. However, unlike cement, the distribution of NdFeB
particles was not very uniform. Magnetic measurement from different parts in the same batch
resulted in significant variation of Ms and M; (Fig. S2 in supplementary). Moreover, the H¢ of the
composites were substantially reduced compared to the raw magnetic powders. It is probably due
to the use alkaline media, such as NaOH and Na»SiOg, for geopolymerization process, which could
have a negative effect on NdFeB [52].

4. Conclusions



In this work, we have demonstrated that a cementitious route can be used to fabricate
NdFeB permanent magnets. The process is very simple and cheap, and can form the cementitious
magnets in various shapes. The magnetic particles are found to be homogeneously distributed in
the cement matrix. The rheological flow of the magnetic cement paste becomes more difficult for
NdFeB powders higher than 50%. The density and strength of the magnetic cement composites
increase with higher content of NdFeB, due to the higher density and strength of NdFeB. Magnetic
measurement shows that Ms and M; increase linearly with NdFeB concentration but Hc remains
quite stable. The magnetizations of the magnetic cements are higher than for pure Ni or cubic
ferrites whereas the coercivity is larger than hard ferrites. The magnetic properties are very stable
up to 300 days which proves the durability of the magnetic cement composites. The (BH)max
products are still lower than commercial permanent magnets but could be certainly improved. The
permanent magnetic ability of magnetic cement was demonstrated for lifting/moving metallic
pieces or other magnetic cement pieces. This could open up many novel applications, for instance,
electromagnetic shielding, magnetic lifting, advanced construction, novel architecture design,
decoration, and toys.
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Fig. 1. (a) the workability of the cement and magnetic cement pastes, (b)-(d) the spread of the
pastes during the workability test.
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magnetic cement composite surface showing the uniform distribution of NdFeB particles.
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Fig. 3. Demonstrative formation of magnetic cement into any desired shape by a simple
cementitious molding process.
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(b)

Fig. 9. Demonstration of permanent magnetic ability of the magnetic cement composites which
can be used to lift metallic pieces or other magnetic cements (a)-(c), or attached upside down
vertically to a steel bar by their magnetic force (d).
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Table S1. Chemical composition of cement paste and magnetic cement composite from the EDX
spot analysis at the cement matrix (corresponding to the green squares in Fig. 5).

Composition (at.%o)
NdFeB (%)

Ca O Si Fe Al Nd C
0 13.09+0.65 53.88+2.69 4.99+0.25 0.68+0.03 1.48+0.07 - 25.87+1.29
10 76.47+3.82 18.94+0.95 2.30+0.12 0.89+0.04 1.39+0.07 - 0
20 17.62+0.88 41.42+0.95 10.57+0.53 - 2.00£0.10 - 28.38+1.42
30 16.99+0.85 40.17+2.01 9.75+0.49 - - - 33.09+1.65
40 16.97+0.85 48.06+2.40 6.75+0.34 - 1.27+0.06 - 26.96+1.35
50 19.49+0.97 46.91+2.35 6.61+0.33 1.76+0.09 2.07+0.10 - 23.17+1.16
60 15.34+0.77 | 60.60+3.03 5.00+0.25 1.39+0.07 | 2.06+0.10 - 15.61+0.78
70 13.40+0.67 60.27+3.01 4.15+0.21 - 3.49+0.17 - 18.68+0.93

Table S2. Chemical composition of magnetic cement composite from the EDX spot analysis at
the magnetic particle (corresponding to the yellow circles in Fig. 5).

Composition (at%o)
NdFeB (%0)

Ca @) Si Fe Al Nd C
10 17.07+0.85 | 32.85+1.64 | 11.19+0.56 | 31.38+1.57 | 2.57+0.13 | 4.94+0.25 -
20 431+0.22 | 10.92+0.55 | 4.37+0.22 | 56.52+2.83 | 2.68+0.13 | 7.19+0.36 | 14.00+0.70
30 6.14+0.31 | 37.71+1.89 | 4.76+0.24 | 14.42+0.72 - 2.36+0.12 | 34.61+1.73
40 6.69+0.33 | 32.68+1.63 | 4.99+0.25 | 25.35+1.27 | 1.10+0.06 | 4.02+0.20 | 25.16+1.26
50 2.64+0.13 | 19.85+0.99 | 4.20+0.21 | 26.53+1.33 | 3.22+0.16 | 4.10£0.20 | 39.45+1.97
60 11.89+0.59 | 30.29+1.51 | 7.05+0.35 | 30.40+1.52 | 1.55+0.08 | 3.98+0.20 | 14.84+0.74
70 453+0.23 | 29.55+1.48 | 3.90+0.19 | 24.50+1.22 | 0.90+0.04 | 4.09+0.20 | 32.54+1.63
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