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A B S T R A C T

Interactions between materials and electromagnetic irradiations in the microwave frequency are critical for many
civil and military applications, such as radar detection, communications, information processing and transport
et al. Dipole rotations or magnetic domain resonance are the mainly traditional mechanisms for microwave ab-
sorption. The recent finding of the excellent microwave absorption from hydrogenated TiO2 nanoparticles pro-
vides us an alternative approach for achieving such absorption, by manipulating the structural defects inside
nanoparticles through hydrogenation. In this study, we demonstrate that the microwave absorption can be not
only achieved but fine-tuned with TiO2 nanoparticles thermally treated in a Mg/H2 environment. Their position
and efficiency can be effectively controlled by the treating temperature. Specifically, the microwave absorption
position shifts to the lower frequency region as the treating temperature increases, and there seems to exist an
optimal treating temperature to obtain the maximum efficiency, as the absorbing efficiency first increases, and
then decreases, with the increase in treatment temperature. Therefore, this study enriches our knowledge and
understanding microwave absorption from TiO2-based nanomaterials which may inspire new ideas on other
systems to enhance their performance as well.
1. Introduction

Since the Fujishima report [1] demonstrating water photolysis by tita-
nium dioxide (TiO2) with ultraviolet light, TiO2 nanomaterials and their
physicochemical permutations have generated an enormous amount of
global interest. One of the most recent advancements in the TiO2 evolution
is the application of the hydrogenation process [2], to generated a set of
“black TiO2”materialswhich demonstrated dramatic property changes and
enhanced performances within multiple domains of applications. The hy-
drogenation process induces engineered material disorder of a crystalline
surface of an initial crystalline TiO2 phase via exposing the nanomaterial to
a heated, pressurized hydrogen environment [2–5]. Since the initial 2011
publication [2], utilization of the hydrogenation process has been revital-
ized in the materials science domain, due to both the direct study of the
casual mechanisms of structural perturbation for materials utilization, and
furthermore due to hydrogenation techniques’ potential for coupling with
other material permutation methodologies, such as self-doping [6],
non-metal doping [7,8], and metal ion doping [9–11], which can result in
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multitudes of materials for applications with enhanced performance. One
application is within the realm of gigahertz-range electromagnetic inter-
action, commonly referred toasmicrowaveabsorption [12–15]. For certain
systems, integratingmaterials into various devices to interactwith incident
electromagnetic radiation in specific desirable fashions, like the absorption
of emitted radiation from electronic devices so that information stored and
transmitted therein is secure, or chemical coatings for radar absorption in
stealth technology, are material traits that remain highly desired [16–20].
As such, discoveries of newmaterials formicrowave absorption are vital for
the development of next-generation advanced technologies. Various ma-
terials have been demonstrated to interact with microwave radiation so to
induce reflection loss, such as pure and doped carbon nanotubes and fibers
[7,8,21,22], pure and doped silicon carbides [23,24], simple and complex
oxides such as iron [25,26] and manganese oxide [27], iron and cobalt
phosphides [28,29], et al.ia. Those materials typically have intrinsic
dielectricandmagnetic properties to interactwithanassociatedelectric and
magnetic field through either permanent and/or induced dipoles for dipole
rotation, or magnetic moment alignment for ferromagnetic resonance
n behalf of KeAi. This is an open access article under the CC BY-NC-ND license
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Fig. 1. (A, B) Representative TEM and (C, D) HRTEM images of TiO2 nano-
particles treated at 600 �C. (E) X-ray diffraction patterns of anatase TiO2 (blue)
as well as the TiO2 nanoparticles treated at 450 (green), 500 (magenta), 550
(cyan), 600 (red), 650 (yellow), and 700 �C (black), with a cutout image of the
600 and 700 �C diffraction patterns.
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[18–20]. Hydrogenated TiO2 nanomaterials work through the
collective-movement-of-interfacial-dipole (CMID) model, where collective
interfacial polarization amplifiedmicrowave absorption (CIPAMA) occurs,
due to the interaction of the incident microwave irradiation and the col-
lective dipoles resultant from the build-up of charge densities at the crys-
talline/disordered interfacial boundaries within hydrogenated core/shell
TiO2 nanoparticles [3–5]. This lattice disordering has also been observed
when exposing the material to a metal reductase, such as aluminum and
magnesium,atelevated temperatures [30–35].Therefore, it is reasonable to
believe that a coupling of the metal reductant with the hydrogenation
process may also provide additional opportunities to perturb and enhance
themicrowaveabsorbing capabilities ofTiO2nanoparticles.As, such, in this
study we investigate the microwave dielectric, magnetic, and absorbing
properties of TiO2 nanoparticles treated with magnesium and hydrogen
simultaneously. The Mg/H2 treated TiO2 nanoparticles demonstrate high
versatility and strong magnitudes for microwave absorption performance.
The treating temperature has a considerable influence on the position and
magnitude of the microwave absorption. As the temperature increases, the
position of the microwave absorption decreases; the absorption value in-
creases first with temperature and then decreases.

2. Experimental

Commercial anatase TiO2 particles and magnesium powders were
obtained from Sigma-Aldrich and Fisher Scientific, respectively, and
utilized without further purification. In a typical materials synthesis,
1.0 gm anatase was grinded with 0.2 gm magnesium powder for
approximately 10min via pestle and mortar, then subsequently placed
into a high-temperature tube furnace and treated at iteravitve tempera-
tures (450, 500, 550, 600, 650 and 700 �C) under hydrogen atmosphere
for 3 h at 30 PSI. Once the system cooled the sample was washed with
~1.0M HCl solution overnight under stirring. Finally the material was
filtered and dried at 90 �C overnight so to obtain the magnesium/
hydrogen treated TiO2 nanoparticles.

The transmission electron microscopy (TEM) images were obtained
on a FEI Tecnai F200 TEM instrument with an electron accelerating
voltage of 200 kV. A small amount of sample dispersed in water was
dropped onto a thin holey carbon film, and dried overnight before the
TEM measurement. The X-ray diffraction (XRD) patterns were collected
on a Rigaku Miniflex XRD instrument with a Cu Kα as the X-ray source
(wavelength¼ 1.5418 Å). The surface chemical bonding information was
obtained with XPS on a PHI 5400 XPS system equipped with a conven-
tional (non-monochromatic) Al anode X-ray source with Kα radiation. A
small amount of the TiO2 nanoparticles were pressed onto conductive
carbon tape for XPS measurements. The binding energies were calibrated
with respect to the C 1s peak from the carbon tape at 284.6 eV. The
ultraviolet–visible (UV–vis) spectra were collected with an Agilent Cary
60 UV–Vis spectrometer with a fiber optical reflectance unit. MgO power
was used as the reference material. The Fourier transform infrared (FTIR)
spectra were collected using a Thermo-Nicolet iS10 FTIR spectrometer
with an attenuated total reflectance (ATR) unit, where TiO2 nano-
particles were pressed onto its ZnSe window directly and the measure-
ments were conducted in air at room temperature. Finally, the Raman
spectra were measured on an EZRaman-N benchtop Raman spectrometer
with the excitation wavelength of 785 nm. The microwave complex
permittivity and permeability of the TiO2 nanoparticles were measured
at the frequency range of 1 GHz to 18 GHz using HP8722ES network
analyzer. The samples dispersed in melted paraffin wax were pressed into
a ring with the thickness of 2.0mm, inner diameter of 3 mm, and outer
diameter of 7 mm. The mass content of sample was controlled at 60 wt%,
and the testing was performed at room temperature.

3. Results and discussion

Commercially available anatase TiO2 nanoparticles are used as the
starting TiO2 materials, herein referred to as quote, “anatase”. The Mg/
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H2 treated TiO2 nanoparticles are obtained by heating a mixture of
magnesium powder and pristine TiO2 nanoparticles in a pure H2 envi-
ronment for 3 h at elevated temperatures. This was done at 50 �C in-
tervals between 450 �C and 700 �C, selected upon visual confirmation of
the color change after treatment. These materials are referred to herein
often simply by their treatment temperatures. The structural defects
suggested via diffraction analysis are observed directly with TEM and
high-resolution transmission electron microscopy (HRTEM). The TEM
images (Fig. 2A and B) indicate the primary particle size is around 100
nm to 200 nm for the Mg/H2 treated TiO2 nanoparticles treated at
600 �C. The HRTEM images (Fig. 2C and D) show the generation of a
1–2 nm thick disordered layer near the surface of the nanoparticles, with
crystalline lattice fringes in the bulk within apparently many crystalline
grains (Fig. 2C and D). These results confirm that the Mg/H2 treated TiO2
nanoparticles demonstrate deviation in structural manifestation, in that
the core of the crystalline structure remains relatively unperturbed,
compared to the more extensive perturbation induced near the surface of
the nanoparticle, forming a crystalline/disordered core/shell nano-
structure. This observation is consistent with previous findings on



Fig. 2. (A) Survey, (B) Ti2p, (C) O1s, and (D) Mg2p peak spectra from the 600 and 700 �C treated TiO2 nanomaterials. The Mg* demarcation demonstrates the Mg Auger
peak. (E) FTIR, (F) UV–Vis, and (G) Raman spectra of anatase TiO2 (blue) as well as the TiO2 nanoparticles treated at 450 (green), 500 (magenta), 550 (cyan), 600
(red), 650 (yellow), and 700 �C (black).
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hydrogenated TiO2 nanoparticles or Al- or Mg-treated TiO2 nanoparticles
[3–5,30–35]. From such it can be concluded that the Mg/H2 treatment
brings a similar structural modification on TiO2 nanoparticles to hydro-
genation or magnesium reduction.

Fig. 1E shows the XRD patterns of both anatase and the various Mg/
H2 treated TiO2 nanoparticles. The crystalline anatase phase of the bulk
material is generally maintained when treated between 450 and 550 �C.
Above 600 �C, the bulk grain of the particles begins to deviate from
anatase through the generation of both magnesium-doped titanate pha-
ses such as Mg2TiO4 and other reduced titanium oxide derivatives such as
TiO, Ti2O3, Ti4O7, Ti5O9, Ti6O11, etc (Figs. S1–S3). The anatase phase is
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barely visible at the 650 �C treatment temperature, and disappears
entirely within the 700 �C nanomaterial. These results seem to suggest
that the hydrogenation technique can be synergistically applied with the
use of metal reductant to force crystalline deviation at lower treatment
temperatures, as bulk crystal deviation for strict hydrogenation of TiO2
nanoparticles has only been previously demonstrated at higher temper-
atures [36,37]. As the treatment temperature required for phase trans-
formation is lower with the addition of the magnesium material, the
rutile phase is not environmentally selected for and thus is absent from
the x-ray analysis [36–39]. The crystalline grain sizes are deduced using
the Scherrer equation, τ ¼ ðKλÞ=ðβ cos θÞ, where τ is the mean size of the



Fig. 3. (A) Lossless permittivity, (B) lossy permittivity, (C) lossless permeability, (D) lossy permeability, (E) the dielectric and (F) magnetic loss tangents, (G) the
electrical conductivity, and (H) the skin depth for the TiO2 nanoparticles.
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crystalline domains, K is the shape factor with a typical value of 0.9, λ is
the X-Ray wavelength, β is the line broadening full width at half
maximum (FHWM) peak height in radians, and θ is the Bragg angle; [40]
using the FHWMvalues from the (200) peak, the anatase crystalline grain
sizes were calculated to be 25.9, 34.6, 38.2, 36.3 and 33.0 nm for the
anatase TiO2, and the TiO2 nanomaterials treated at 450, 500, 550 and
600 �C, respectively.

XPS is used to investigate the elemental composition and chemical
perturbation in the disordered phase, as it is a surface-probing technique
that examines elemental information near the surface of 1 nm to 2 nm
[14,41–43], which is consistent with the thickness of the disordered layer
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in the Mg/H2 treated TiO2 nanoparticles. Fig. 2A shows the XPS survey
spectra of the TiO2 nanoparticles treated at 600 and 700 �C. These results
show the O, Ti, Mg and C signals. The carbon signal is from the atmo-
spheric deposition during the measurement and is used as the reference
with the C 1s core-level binding energy of 284.6 eV. The Ti 2p core-level
XPS spectrum demonstrated in Fig. 2B shows essentially the character-
istic peaks of Ti4þ ion of TiO2 nanoparticles with peaks centered at 458.6
and 464.2 eV for the Ti 2p1/2 and Ti 2p3/2 binding energies, respectfully;
[3–5] if Ti3þ ions exist, the amount of such seems to be very small, as
determined via the XPS measurement. The O 1s core-level XPS spectrum
demonstrated in Fig. 2C can be deconvoluted into a dominant peak near
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530.1 eV from the lattice O2� ions in the TiO2 nanoparticles, and a minor
peak near 531.8 eV with the energy similar to hydroxyl groups [3–5].
Finally, examination of the Mg 2p core-level XPS spectrum in Fig. 2D
reveals a small peak centered around 50.4 eV with symmetry typical of
magnesium profiles associated with oxidized atomic species such as
magnesium oxide or hydride [41], though such could also be from the
Mg2TiO4 material as detected from x-ray diffraction.

For anatase, FTIR results in Fig. 2E demonstrate nearly 100% trans-
mittance across the 4000 cm�1 to 1300 cm�1 wavenumber range, upon
which there is a gradual decrease to 52.3% at 650 cm�1 due to the vi-
brations from the anatase crystal lattice. Furthermore, within the
response signal are the characteristic O–H markers from surface hy-
droxyl groups and chemisorbed water, manifested via the a short signal
depression in the %T centered around 1640 cm�1 for the former, and the
shallow prolonged depression in between 3800 cm�1 and 3000 cm�1,
centered around 3400 cm�1 for the latter [4,44]. The absorption bands
associated with these two signals is more pronounced in the 450 �C, and
these signals generally dissipate as the synthesis temperature increases,
disappearing almost entirely in the 700 �C nanomaterial. The general
trends in the IR transmittance as a function of wavenumber suggest a
positive correlation, where that the decrease in wavenumber is accom-
panied by a decrease in the transmittance, up until the wavenumber
decreases below 1000 cm�1 where the signal response is taken over by
response to the vibrations in the crystal lattice [44]. Further trends in the
spectra include a decrease in the magnitude of IR transmittance from
450 �C nanomaterials as synthesis temperature increases, where maximal
transmittance is achieved by the 600 �C nanomaterial; subsequent in-
creases in the treatment temperature past 600 �C result in an increase in
the transmittance of IR radiation. In other word, the magnitude of IR
transmittance follows in the order of anatase �450 �C< 500 �C< 550 �C
< 600 �C > 650 �C> 700 �C. Such a trend suggests that the optical
transition involved with the defects which induces interaction with IR
radiation reaches maximum absorption at a treating temperature of
around 600 �C [45]. The large decrease of transmittance for infrared
irradiation could be related to the free charge carriers existing in the
treated TiO2 nanoparticles [44,46–52]. For the UV–Visible region, Fig. 2F
demonstrates a similar trend in light/matter interaction compared to the
IR absorption. Anatase TiO2 demonstrates strong absorption character-
istics below 380 nm in wavelength, and subsequently negligible ab-
sorption at higher tested wavelengths. Starting at 450 �C treatment, the
nanomaterial demonstrates a small, uniform increase in the absorption
across the entire visible-light region, as well as the large absorption in the
UV region. Furthermore absorption increases as a function of increasing
wavelength. As the synthesis temperature is iteratively increased, the
absorption of the visible light increases, reaching maximal absorptivity
from the 600 �C. Higher synthesis temperatures result in a decrease in
visible light absorption, similar to the observed IR absorption.

Raman results are reported in Fig. 2G. The anatase TiO2 nanoparticles
display characteristic Raman scattering with no background and strong
peaks at 161, 414, 535, and 660 cm�1, which correspond to the Ti–O
bond stretching modes of A1g (513 cm�1), B1 g (519 cm�1) and Eg
(660 cm�1), and the O–Ti–O bending modes B1g (414 cm�1) and Eg
(164 cm�1) in the crystalline anatase phase [2,36,38]. While maintaining
the characteristic peaks derived from anatase TiO2, as the nanomaterial is
treated at temperatures between 450 and 600 �C, the resultant TiO2
nanoparticles develop a broad luminescence background from structural
defects in the crystalline domain, consistent with previous results [3–5].
At 450 �C, the Raman spectrum is similar to that of the pristine TiO2,
except for a slightly increased luminescence background. The lumines-
cence background is broad, starting around 1000 cm�1, ending above
3100 cm�1, and centering near 2200 cm�1. Furthermore the amount of
the luminescence background largely increases with the iterative in-
crease in treating temperature, starting from 450 and approaching
maximal intensity as the temperature is increased to 600 �C, where then
subsequent increases in the treating temperature towards 650 and 700 �C
result in a decrease in the localized signal; this trend in the luminescent
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background is similar to that of the trends in IR and Visible light ab-
sorption. At 600 �C, the positions of the Raman peaks shift to near 173,
225, 262, 437, and 641 cm�1. The typical Raman bands due to the
presence of the rutile phase of TiO2 appear faintly at 143, 235, 447, and
612 cm�1, which can be ascribed to the B1g, two-photon scattering, Eg,
and A1g modes, respectively. At 650 and 700 �C, the characteristic Raman
peaks for anatase TiO2 disappear, with one strong peak appearing near
251 cm�1, coupled with one small peak also appearing at 291 cm�1.
Finally, a second trend in the broad luminescence background is
observed from 100 to 2500 cm�1, centered around 480 cm�1, whose
intensity decreases with the increase of the wavenumber, and overall
intensity increases with increasing temperature. This response would
suggest that the generation of differing material phases as a function of
treating temperature induce changes in the selecting rules previously
suggested, transitioning optical activities at the surface of the particle
from one set of available transitions to the next.

Fig. 3A–D shows the dielectric and magnetic response to incident
electromagnetic energy in the 1.0–18.0 GHz range. In microwave systems,
permittivity is associated with an electrical interaction between the ma-
terial and the electric portion of an incident electromagnetic wave, with
the lossless parameter ε’ quantifying the dielectric interaction that results
in energy storage within the medium, and the lossy parameter ε" quanti-
fying the dielectric interaction that results in energy dissipation. Analo-
gously, permeability is associated with the magnetic interaction between a
material and the magnetic portion of the incident wave, with the param-
eter μ’ quantifying the lossless magnetic interaction which results in en-
ergy storage, and the parameter μ" quantifying the lossy magnetic
interaction which results in energy dissipation. Fig. 3A and B show the
relative dielectric interaction, lossless and lossy, respectively, of the given
nanomaterials as represented by εr ¼ (ε’ – i⋅ε"). The magnitude of relative
lossless dielectric action for the anatase TiO2 nanoparticles ranges between
6.1 and 6.5 over the 1.0–18.0 GHz frequency range, with a corresponding
lossy dielectric action between 0.2 and 0.1. For the 450 �C treated TiO2
nanomaterial the εr value increases to an average of (7.6 – i⋅0.75) over the
frequency range, ranging between 8.2 at 1.0 GHz to that of 7.2 at 18.0 GHz
for lossless action, and 0.5 at 1.0 GHz to 1.0 at 18.0 GHz for lossy action. As
the temperature is increased past 450 �C, the nanomaterials begin to
demonstrate instances of dielectric resonance [53], specifically at the
higher frequencies. For the 500 �C nanomaterial, the initial relative
dielectric action is (12.2 – i⋅0.51) at 1.0 GHz, remaining relatively constant
until 14.0 GHz, where resonance induces a decline in lossless permittivity
and subsequent peak in lossy permittivity, culminating with a relaxation
peak of (10.9 – i⋅3.53) at 16.5 GHz, past which the resonance peak dissi-
pates, to a final relative permittivity value of (9.6 – i⋅2.39) at 18 GHz. For
the 550 �C nanomaterial, the initial relative permittivity increases to (22.6
– i⋅2.65) at 1.0 GHz, remaining relatively stable as frequency increases. At
12.2 GHz, lossless dielectric action decreases nonuniformly to a minimum
of 14.0 at 17.5 GHz, which correlates with a maximal lossy dielectric ac-
tion of 20.6 at 17.5 GHz. For the 600 �C nanomaterial, initial permittivity
at 1.0 GHz is (22.6 – i⋅2.65), from which ε’ slowly decreases to a value of
29.7 at 8.2 GHz; correspondingly the ε" value is relatively stable at
approximately 1.0 as the frequency ranges between 1.0 and 8.2 GHz. As
the frequency further increases, multiple strong resonance peaks are
observed between 8.2 and 18.0 GHz, defined by permittivity values of
(26.0 – i⋅12.9) at 10.5 GHz and (21.4 – i⋅13.1) at 12.4 GHz, where after
which the permittivity of the nanomaterial concludes with a value of (22.1
– i⋅4.4) at 18.0 GHz. For the 650 �C nanomaterial, the permittivity dem-
onstrates initial weaker magnitudes as compared to the 600 �C nano-
material, initializing via εr ¼ (22.1 – i⋅4.4) at 1.0 GHz, slightly dipping in
lossless dielectric action as frequency increases but remaining relatively
stable via the lossy dielectric response. Past 6.0 GHz, the lossy dielectric
action begins to increase, and at 11.2 GHz the permittivity response
demonstrates resonance, culminating with a relative value of (16.7 –

i⋅14.9) at 14.0 GHz at the resonance peak. As frequency further increases
the resonance signal dissipates, ending at a final permittivity value of (14.5
– i⋅1.46) at 18.0 GHz. Finally, the 700 �C treated TiO2 nanomaterial
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demonstrates an initial permittivity value of (21.2 – i⋅1.57) at 1.0 GHz,
from which lossless permittivity demonstrates relative stability as lossy
permittivity steadily increases. At 10.5 GHz, lossless permittivity non-
uniformly decreases as lossy permittivity increases to a maximum of
9.07 at 13.1 GHz, where from such as the incident frequency continues to
increase both parts of permittivity generally decrease, until reaching a
finally permittivity value of (11.4 – i⋅1.84) at 18.0 GHz. It is interesting to
note that, absent the fluctuations that seem to be due to dielectric reso-
nance, the trends in magnitude of permittivity seem to correlate with the
trends in other light/matter interactions, in that the general magnitude
devoid of resonance peaks follows in the order of anatase
<450 �C< 500 �C< 550 �C < 600 �C > 650 �C> 700 �C, suggesting that
the same sources could be inducing light/matter interactions across this
broad range of the electromagnetic spectrum [44].

Compared to the dielectric interaction of the TiO2 nanoparticles, the
magnetic interaction of the nanomaterials is relatively small. The lossless
and lossy magnetic interaction between the nanoparticles and incident
electromagnetic radiation are demonstrated in Fig. 3C and D. For
anatase, the permeability of the material as represented by μr ¼ (μ’ – i⋅μ")
does not tend far beyond the trivial value of μr ¼ (1 – i⋅0), typical of non-
magnetic materials such as carbon nanotubes and fibers [8,54,55]. This
trend is generally universal for all of the synthesized TiO2 nanomaterials
at frequencies below 10.0 GHz, and holds true for both anatase as well as
the 450 �C nanomaterial over the entire tested 1.0–18.0 GHz frequency
range. However, for the 500 �C nanomaterial, at 12.0 GHz μ" demon-
strates a small increase towards a maximal value of 0.23 at 16.6 GHz,
which is followed by a subsequent decrease in μ". Furthermore at
17.0 GHz the lossless magnetic interaction as defined by μ’ increases to
1.1 and remains stable there up to 18.0 GHz. For the 550 �C nano-
material, μ’ remains relatively stable over the 1–18 GHz frequency range,
though μ" demonstrates an increase from trivial at 10.0 GHz, to a
maximal lossy magnetic action quantified as 0.39 at 16.5 GHz, after
which permeability subsequently decreases to a final value of (0.87 –

i⋅0.27) at 18.0 GHz. For the 600 �C nanomaterial, at 10.0 GHz, the
magnitude of lossless magnetic interaction increases from 1.0 to 1.73 at
14.5 GHz, from where it subsequently decreases back to near trivial. The
lossy interaction near 6.0 GHz increases to a local maximum of 0.37 at
13.0 GHz, from where it decreases to a local minimum of 0.18 at
14.2 GHz, only to rise again to its highest μ" value of 0.43 at 16.3 GHz,
after which μ" decreases to a final value of 0.31 at 18.0 GHz. The 650 �C
nanomaterial deviates from triviality once with respect to lossless
interaction, going from 0.87 at 13.5 GHz and reaching a peak value of
1.67 at 16.3 GHz before descending back again and ending at a final
value of 1.46 at 18.0 GHz. Similarly, there is a single peak associated with
lossy permeability, where at 10.0 GHz μ" goes from 0.0 to a maximal
value of 0.67 at 15.1 GHz, from where it decreases to 0.0 again at
18.0 GHz. Finally, the 700 �C TiO2 nanomaterial demonstrates increases
in both lossless and lossy magnetic action above 10 GHz. For lossless
interaction permeability increases from 1.0 at 10.0 GHz to a maximal
value of 1.50 at 16.8 GHz, and for lossy interaction the magnitude in-
creases from 0.0 at 9.5 GHz to a local maximal value of 0.22 at 15.4 GHz,
from where it dips to a local minimum of 0.12 at 16.4 GHz before
reaching its final maximal value of 0.29 at 17.5 GHz, slightly decreasing
to a final value of 0.27 at 18.0 GHz.

The loss tangents for the TiO2 nanomaterials are presented in Fig. 3E
and F, for dielectric and magnetic loss respectively. Loss tangents, rep-
resented by ε"/ε’¼ tgδε for the dielectric loss tangent and μ"/μ’¼ tgδμ for
the magnetic loss tangent, demonstrate a sort of efficiency for converting
energy from incident electromagnetic fields to the form of heat, as it is
the ratio of lossy interaction with respect to lossless, and power flow is
functionally dependent on the product of lossless interaction and the loss
tangent, specifically demonstrated in regard to dielectric action in elec-
tronic devices [53]. Over the tested 1.0–18.0 GHz frequency range,
anatase TiO2 nanoparticles demonstrate little to no efficiency converting
electromagnetic radiation to heat, demonstrating loss tangents ranging
from 0.02 to 0.04 with regard to the dielectric loss tangent tgδε, and 0.05
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and 0.3 with regard to the magnetic loss tangent tgδμ. For the 450 �C
treated TiO2 nanoparticles, the loss tangents are also small and uniform
over the testing frequencies, averaging a magnitude of 0.11 for tgδε, and
0.04 for tgδμ. For the 500 �C nanomaterial, the loss tangents maintain
similar trends to that of the lossy dielectric and magnetic actions,
remaining relatively stable at values less than 14.0 GHz, approximately
0.05 for tgδε, and 0.1 for tgδμ. Past 14.0 GHz, each of the loss tangents
peaked to values of 0.32 and 0.23 at 16.6 GHz, for tgδε and tgδμ respec-
tively. For the 550 �C treated nanomaterial, below 10.0 GHz the respec-
tive loss tangents are relatively stable, averaging values of 0.14 and 0.11
for tgδε and tgδμ respectively. At approximately 10.0 GHz, tgδμ begins to
increase, reaching a maximal value of 0.4 at 16.5 GHz, from whence the
parameter declines to a final value of 0.31 at 18.0 GHz. At approximately
12.0 GHz the data shows a similar increase in the tgδε parameter,
increasing quasi-exponentially to a value of 1.48 at 17.5 GHz, from
whence tgδε declines to a final parameter value of 1.35 at 18.0 GHz. For
the 600 �C nanomaterial, the loss tangents remain stable below 7.0 GHz,
maintaining average parameter values of 0.22 and 0.03 for tgδε and tgδμ
respectively. At 7.0 GHz, both parameters demonstrate an increase in
magnitude, ascending to values of 0.67 at 13.1 GHz for tgδε and 0.35 at
16.6 GHz for tgδμ. From these respective maxima, tgδε descends to 0.2 at
15.3 GHz where it remains until 18.0 GHz, and tgδμ decreases to a local
minimum of 0.1 at 14.2 GHz, from whence it rises again to a maximum
value of 0.35 at 16.3 GHz, after which tgδμ decreases to a final value of
0.3 at 18.0 GHz. For the 650 �C nanomaterial, below 10.0 GHz the loss
tangents are stable around values of 0.17 and 0.07 for tgδε and tgδμ
respectively, after which at higher frequencies each parameter increases
to maximal values of 1.01 at 14.8 GHz and 0.58 at 14.5 GHz respectively.
After reaching maxima each parameter decreases to final values of 0.28
and 0.02 at 18.0 GHz. Finally, the loss tangents for the 700 �C TiO2

nanomaterial trace similar paths to that of the dissipation factors. For
tgδε, the parameter value is 0.07 at 1.0 GHz and increases steadily to a
maximal value of 0.59 at 13.8 GHz, where it remains stable until at
15.5 GHz the parameter magnitude declines to 0.15 at 17.5 GHz, where it
remains for the remainder of the tested frequencies. For tgδμ, the
parameter value is roughly 0.07 between 1.0 and 9.5 GHz, after which at
higher frequencies tgδμ increases to a value of 0.19 at 15.2 GHz, from
where it dips to a local minimum of 0.9 at 16.6 GHz, after which the
parameter ascends once more, reaching a final maximum of 0.21 at
17.5 GHz, at where it remains as the testing frequency reaches its end at
18.0 GHz.

Fig. 3G shows the electrical conductivity (σ) which is calculated via σ
(S⋅m�1) ¼ 2π f (ε0⋅ε"), where ε0 is the permittivity of free space equal to
8.854� 10�12 F/m, f is the incident frequency in Hertz, and ε" is the
relative imaginary component of permittivity [16,17,28,56]. For anatase,
electrical conductivity is negligible over the tested 1.0–18.0 GHz fre-
quency range, only reaching a maximal value of 0.13 S m�1 at 18.0 GHz.
For the 450 �C treated TiO2 nanomaterial, electrical conductivity slightly
increases though is stable across the 1–18 GHz tested frequency range,
with an average value of 0.5 Sm�1. For the 500 �C nanomaterial, σ
maintains small values for electrical conductivity, approximately 0.5
from 1 to 14 GHz. At higher frequencies σ increases to a peak value of
3.2 Sm�1 at 16.6 GHz, after which at high frequencies the conductivity
decreases to a final value of 2.4 S m�1 at 18.0 GHz. For the 550 �C
nanomaterial, σ initializes at 0.14 at 1.0 GHz, from whence electrical
conductivity increases as a quasi-power function to the maximal con-
ductivity value of 20.1 S m�1 at 17.5 GHz, after which σ decreases to a
final value of 19.3 S m�1 at 18.0 GHz. For the 600 �C nanomaterial,
conductivity steadily increased from a value of 0.4 S m�1 at 1.0 GHz to a
local maximal value of 9.2 S m�1 at 12.6 GHz, from where σ drops to a
localized minimal value of 2.6 Sm�1 at 15.7 GHz, after which conduc-
tivity increases again to a final σ value of 4.4 Sm�1 at 18.0 GHz. For the
650 �C nanomaterial, electrical conductivity starts at a value of 0.2 Sm�1

at 1.0 GHz and increases quasi-exponentially to a localizedmaximal value
of 11.7 S m�1 at 14.0 GHz, from where drops to 3.9 Sm�1 at 17.15 GHz
and sustains for the remainder of the tested frequencies. Finally, for the



Fig. 4. Reflection loss performance results for the (A) 450, (B) 500, (C) 550, (D) 600, (E) 650, and (F) 700 �C treated TiO2 nanoparticles.
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700 �C TiO2 nanomaterial starts at 0.08 S m�1 at 1.0 GHz and increases
concavely towards a maximal value of 6.6 S m�1 at 13.2 GHz, after which
the electrical conductivity decreases convexly towards a value of
1.6 S m�1 at 17.5 GHz and remains there until the testing frequency
reaches 18.0 GHz.

The skin depth (δ) is shown in Fig. 3H δ is defined as the distance over
which the electromagnetic field intensity attenuates by a factor of e�1 as
it traverses a given material medium, whereby a typical exponential
decay function e-αx yields at a distance x¼ e�1 the value equivalent to the
inverse of the attenuation constant [56]. Skin depth is calculated from
the expression (δ/mm) ¼ 103⋅α�1 � 103⋅(πfμ0μrσ)�1/2, where 103 is a
conversion factor to unitsmm�1 and α¼ i(2πf⋅c�1)⋅Re{sqrt[(μ’ – i⋅μ")(ε’ –
i⋅ε")]}, where i is the complex value of the sqrt(-1), f is the incident fre-
quency in Hertz, c is the speed of light, and both εr ¼ (ε’ – i⋅ε") and μr ¼
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(μ’ – i⋅μ") are the respective relative permittivity and permeability values
for lossless and lossy action, respectively (such can be approximated as a
function of σ conductivity if ε" > > ε’) [56,57]. For anatase, δ starts at a
value of 109mm�1 at 1.0 GHz and decreases to a value of 38mm�1 at
7.0 GHz, from where it remains relatively stable for the remainder of the
tested frequency range. For the Mg/H2 treated TiO2 nanoparticles, the
average magnitude of the skin-depth follows in the order of anatase
>450 �C> 500 �C> 550 �C> 600 �C< 650 �C< 700 �C, suggesting that
attenuation of the electromagnetic wave as it passes through the material
medium is related to similar sources which cause the light/matter in-
teractions in the visible-light and IR regions. The integral values of these
curves over 1.0–18.0 GHz domain are 829 GHzmm�1 for anatase,
662 GHzmm�1 for the 450 �C nanomaterial, 499 GHzmm�1 for the
500 �C nanomaterial, 234 GHzmm�1 for the 550 �C nanomaterial,



Fig. 5. Stacked Reflection loss curves for the TiO2 nanomaterials, extended to (A) 4.0 mm and (B) 10.0 mm. (C) fpeak vs. d results compared to the functionalization of
f(d) (orange) as a power function and d(f) (lime green) as the quarter wavelength relationship.

M. Green et al. Nano Materials Science 1 (2019) 48–59
154 GHzmm�1 for the 600 �C nanomaterial, 203 GHzmm�1 for the
650 �C nanomaterial, and finally 341 GHzmm�1 for the 700 �C nano-
material. Furthermore, the rate of decay for skin depth over the tested
frequency range increases and morphs towards exponential tendencies.
For the 450 �C nanomaterial, the δ value starts at 184mm�1 for a 1.0 GHz
electromagnetic wave, exponentially decaying towards a value of
12mm�1 at 18.0 GHz. For the 500 �C nanomaterial, the initial δ value is
150mm�1 at 1.0 GHz, decaying to a value of 5mm�1 at 18.0 GHz. For the
550 �C nanomaterial, the initial and final δ values were 55mm�1 and
1mm�1 at 1.0 and 18.0 GHz, respectively. The 600 �C nanomaterial
demonstrates initial and final values of 59mm�1 and 2mm�1 at 1.0 and
18.0 GHz, respectively. The 650 �C nanomaterial initial and final values
at 1.0 and 18.0 GHz is 67mm�1 and 4mm�1. Finally, the 700 �C treated
TiO2 nanomaterial demonstrates skin-depth values of 143mm�1 and
4mm�1 at the initial and final frequencies of 1.0 and 18.0 GHz,
respectively.

From the both the permittivity and permeability values, it can be
shown that the Mg/H2 treatment on TiO2 nanoparticles increases the
dissipation efficiency and effect of not only the electrical component, but
also the magnetic component of an incident electromagnetic field, spe-
cifically at higher frequencies, which may lead to the increase of the
overall absorption of microwave radiation. As such, the reflection loss
(RL) as a function of frequency and material thickness is calculated via
the following equations:

RLðdBÞ ¼ 20 log10

�����Zin � 1
Zin þ 1

����
�

(1)

Zin ¼
�
μ0 –i ⋅ μ00

ε' –i ⋅ ε''

�
1
2 ⋅ tanh

�
i
2πf ⋅ d

c
½ðε' – i ⋅ ε''Þðμ' –i ⋅ μ00Þ �12

�
(2)

Here, reflection loss as represented by eqn (1) is a function of the
normalized input impedance Zin, represented by eqn (2), which is itself a
function of complex relative permittivity εr ¼ (ε’ – i⋅ε"), complex relative
permeability μr ¼ (μ’ – i⋅μ"), the incident angular frequency for
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electromagnetic energy 2πf, and the material thickness d [58–61].
Finally, i is the complex value of the sqrt(-1), and c is the speed of light.
The resultant frequency/thickness calculations for those treated TiO2
nanomaterials are presented in Fig. 4, over a 1.0–18.0 GHz, 0.1–4.0mm
domain. The maximal reflection loss values as derived from raw analysis
of the nanomaterials is as follows: for anatase, a maximal RL value of
�4.65 dB at 7.12 GHz with a 4.0 mm thickness; for the 450 �C nano-
materials,�8.12 dB at 13.92 GHz with a 2.2 mm thickness; for the 500 �C
nanomaterials, �24.53 dB at 15.79 GHz with a 1.4 mm thickness; for the
550 �C nanomaterials, �24.37 dB at 12.56 GHz with a 1.4 mm thickness;
for the 600 �C nanomaterials, �30.39 dB at 4.91 GHz with a 2.7mm
thickness; for the 650 �C nanomaterials, �34.69 dB at 9.07 GHz with a
1.7 mm thickness; for the 700 �C nanomaterials, �33.49 dB at 9.67 GHz
with a 1.7 mm thickness.

Those results demonstrate a versatility of the Mg/H2 treated TiO2
nanoparticles, as the range entire 1.0–18.0 GHz frequency range can be
addressed by a particular material, simply by fine-tuning the synthesis
temperature parameter as well as the material thickness, as shown in
Fig. 5A and B. These reflection loss results are analyzed to elucidate the
nature of the light/matter interaction. Two parameter sets are utilized
in attempt to parse out the nature of this interaction. The first utilizes
the theoretical response as demonstrated by magnetic susceptibility,
defined as χm¼ μr/μ0 – 1, being theoretically set to zero in eqn (2) [15,
62–64]. The second simulates interaction where electromagnetic
interaction as defined by dielectric action is rendered lossless; as the set
of nanomaterials synthesized herein demonstrate via permittivity
response characteristic of resonance peaks, and the typical response in
relative complex permittivity of materials in dielectric resonance is a
peak in lossy permittivity coupled with a depreciation in lossless
permittivity as frequency is continuously increased [53], the simulation
for theoretical response absent of dielectric action was calculated by
first, arbitrarily allowing lossy permittivity as defined by ε"¼ 0, and by
second, setting the derivative of ε’ to zero, i.e. d/df (ε’)¼ 0, by fixing ε0

to that of the initial value at 1.0 GHz as an approximation for
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steady-state lossless interaction. The results of these theoretical ana-
lyses are demonstrated in Figs. S4 and S5 for the first and second
theoretical simulations, respectively. As can be seen, the demonstrated
theoretical results calculated correlate with the associated increases in
lossy permittivity and lossy permeability demonstrated previously in
Fig. 3B and D, in that the stripping away of one mechanism for inter-
action removes the associate response due to said parameter. This
manifests particularly in the lower frequencies where magnetic inter-
action is small; removal of the magnetic parameters induces little
change in functional response, yet removing the dielectric parameters
yields drastic change in response. Conversely, at the higher frequencies
where magnetic interaction is prevalent, it is shown that the overall
contribution to the response from either set of dielectric or magnetic
parameters is negligible – such suggests that at the higher tested fre-
quencies it might be a coupling of the individual components which
induce reflection loss.

As each of the synthesized nanomaterials demonstrates a band of
peak reflection loss within the (f, d) domain, the coordinate points
associated with maximal reflection loss are extracted from the data set
and analyzed. Fig. 5C demonstrates the relationship between the fre-
quency if maximal RL to that of the material thickness, as compared to a
power function of the form f(d) ¼ x1⋅d -x2 where the frequency f is a
function of the thickness d scaled by the appropriate (x1, x2) function
constants [29]. These constants are determined to be (29.861, 0.996) for
Fig. 6. Effective bandwidth response for the (A) 450, (B) 500, (C) 550, (D) 600, (E)
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anatase, (31.475, 1.068) for the 450 �C nanomaterial, (23.051, 1.052) for
the 500 �C nanomaterial, (18.488, 1.093) for the 550 �C nanomaterial,
(14.475, 1.073) for the 600 �C nanomaterial, (16.826, 1.114) for the
650 �C nanomaterial, and finally (19.404, 1.226) for the 700 �C nano-
material. These results further demonstrate the versatility of the nano-
materials, as changing the treating temperature for materials synthesis
changes the domain of the bandwidth allowing for fine-tuning of the
material to target specific frequencies of interest. Furthermore, the ma-
terials are functionalized via the quarter wavelength relationship for
anti-reflection within the material medium, expressed as d(f)¼ c/[4⋅n(f)⋅
f ], with d being the material thickness, f being the frequency, n being the
refractive index (which is dependent on permittivity and permeability,
and thus ultimately dependent on frequency), and c being the speed of
light [15]. Functionalization via d(f) is well aligned with the materials as
the refractive index changes as a function of frequency. Deviation from
regression via the power function f(d) as compared to the experimental
values follows the increase in treatment temperature; as magnetic
interaction strengthens at the higher synthesis temperatures and at
higher frequencies, the power regression faulters due to the inability of
the function to account for the multitude of input parameters utilized in
generating the resultant that is reflection loss. Contrastingly, the quarter
wavelength function does not demonstrate this issue, as the function
takes into account the material perturbation through incorporation of the
refractive index.
650, and (F) 700 �C treated TiO2 nanoparticles at various proficiency thresholds.



Fig. 7. The change of (A) RLpeak, (B) fpeak, and (C) Δf10 as a function of the treating temperature.

M. Green et al. Nano Materials Science 1 (2019) 48–59
The permittivity and permeability values derived from experimen-
tation are furthermore utilized to determine the effective bandwidths of
the synthesized materials. The effective bandwidth (Δf10) is the magni-
tude of the range of frequencies which can be targeted by a selected
material for microwave absorption, as characterized by a given profi-
ciency threshold for analysis, typically �10 dB. In order to determine the
effective bandwidth with high precision, eqn (2) is substituted with eqn
(3), which is an interpolation function, derived from piecewise third-
order polynomials which relate the experimentally derived permittivity
and permeability values to the incident frequencies of electromagnetic
radiation. As such, interpolation allows for the reflection loss value to be
a true function instead of an experimentally constrained iterated calcu-
lation, by functionalization of the normalized input impedance:

Zinðf ; dÞ ¼ ½μ'ðf Þ – i ⋅ μ
00ðf Þ

ε'ðf Þ – i ⋅ ε}ðf Þ �
1
2 ⋅ tanh

�
i
2πf ⋅ d

c
f½ε'ðf Þ – i ⋅ ε00ðf Þ �½μ'ðf Þ –i

⋅ μ00 � gðf Þ12
�

(3)

Herein, the normalized input impedance as represented by eqn (3) is
strictly a function of frequency and thickness, as the permittivity and
permeability values are replaced with permittivity and permeability
functions, defined by the cubic spline interpolation function via the in-
dependent input frequency parameter. This normalized input impedance is
then used in eqn (1) as a substitute for eqn (2) so to calculate the effective
bandwidth, at 0.01 GHz ⋅ 0.01mm resolution. The results of such analyses
are presented in Fig. 6. Themaximal effective bandwidth values associated
with the given synthesized materials at a �10 dB proficiency threshold is
as follows; 0 GHz for anatase, 0 GHz for the 450 �C nanomaterial, 3.75 GHz
for the 500 �C nanomaterial with a 1.50mm thick absorber, 2.52GHz for
the 550 �C nanomaterial with a 1.38mm thick absorber, 3.96GHz for the
600 �C nanomaterial with a 0.92mm thick absorber, 2.19 GHz for the
650 �C nanomaterial with a 1.05mm thick absorber, and finally 3.83 GHz
for the 700 �C nanomaterial with a 1.32mm thick absorber. These results
suggest that the 500–700 �C nanomaterials are particularly adept at
absorbing a wide range of frequencies. Particularly, the utilization of
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coupled dielectric and magnetic action at distinct frequencies allows for
the increased effective bandwidth at low thicknesses, as the periodicity of
the absorption band is distorted by the nanoparticle as the frequency in-
creases. Coupling such with the variation in the d(f) functionalization of
these materials furthermore demonstrates the fine-tuning capacity of these
TiO2 nanomaterials.

To better show the temperature dependence of the microwave ab-
sorption properties, the changes of RLpeak, fpeak and Δf10 were plotted
against the change of the treating temperature along different coating
thicknesses, as shown in Fig. 7. RLpeak fluctuated with the treating tem-
perature, reaching local maximums around 500 and 650 �C as shown in
Fig. 7A, while fpeak increased with the treating temperature from 450 to
650 �C and then decreased upon further temperature increase to 700 �C
(Fig. 7B) when the coating thickness was larger than 1.0mm, and Δf10
fluctuated with the temperature when the coating thickness was larger
than 0.8mm, reaching a maximum near 600 when the coating thickness
was smaller than 1.2mm, two local maxima near 500 and 700 �C when
the coating thickness was between 1.2 and 1.7mm, and reached to a
maximum near 550 �C when the coating thickness was larger than
1.7 mm (Fig. 7C).

Based on the above results, Mg/H2 treated TiO2 nanoparticles have
displayed distinct dielectric and magnetic properties compared to
anatase TiO2 nanoparticles. These property changes are mainly observed
in the TiO2 nanoparticles treated above 500 �C. The Mg/H2 coupled
treatment results in the manifestation of crystalline/disordered core/
shell nanostructures, the appearance of other Magnesium-based chemical
phases, dramatic visible-light absorption, a large and broad IR absorp-
tion, an apparent change in the Raman spectrum related to material
defects, distinct changes of the microwave complex permittivity and
permeability, and greatly enhanced microwave absorption and effective
bandwidth. Based on the characterization spectra, the material defects
related to light/matter interaction follow in the general order of anatase
<450 �C< 500 �C< 550 �C < 600 �C > 650 �C> 700 �C, and this
ordering of magnitudes presents itself through a multitude of analytical
techniques, such as FTIR, UV–Vis, Raman (high wavenumber), and
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permittivity network analysis (low frequency). This correlation suggests
that a similar source, which is likely related to defects created by the Mg/
H2 treatment, is behind light/matter interaction across a broad range of
electromagnetic radiation, ranging from the UVA region down into the
microwave region. In terms of microwave absorption, this interaction
induces dielectric and magnetic interaction which causes improved mi-
crowave absorption, as represented by the strong results in overall
reflection loss as well as effective bandwidth.

4. Conclusion

In summary, we have shown in this study that Mg/H2 treated TiO2
nanoparticles demonstrate interesting dielectric and magnetic proper-
ties, leading to strong results in terms of microwave absorption. With the
increase of the treating temperature, the position of the microwave ab-
sorption shifts to the lower frequency region. There may exist an optimal
temperature to reach the maximum microwave absorption efficiency, as
the microwave absorption efficiency first increases and then decreases.
Accompanied with the changes in the microwave properties are changes
in the visible-light absorption, IR absorption, Raman luminescence
background and crystalline structures. The light/matter interaction
revealed through these techniques are related to various structural per-
turbations and defects that are induced by the Mg/H2 treatment, chief of
which is the generation of the crystalline/disordered core/shell nano-
structure, and are in summary responsible for the dramatic increase in
microwave absorption performance by the treated TiO2 nanoparticles.
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