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In view of the various qualiﬁcations required of materials nowadays, eﬀorts to change the characteristics of
inherent materials have continued. However, most material conversion techniques that have been used in the
past, such as alloy design and doping eﬀect, cannot overcome the limitation that properties are only added to the
original characteristics of pristine materials. Therefore, herein, we introduced a new material design technique, a
so-called “Molecular Group System”, which is completely diﬀerent from existing methods. Since whole-setsystems are considered one-energetic-unit-system, either only the merits of the constituent elements can be
emphasized or new materials completely diﬀerent from the raw ones can be synthesized. In this study, blockstacking bottom-up approach was employed to form a one group system from SnO2, SnOx, Sn, and graphene
powders, and a binder, using high-energy irradiation. Then, we discussed theoretical veriﬁcations such as SnO2reduction and Sn-channeling.

In general, the physical and chemical properties of materials cannot
satisfy the various scientiﬁc and industrial needs required for the materials. Therefore, over the years, many studies have been focused on
altering the characteristics of such materials in an eﬀort to overcome
these limitations [1–4]. Examples of such approaches include: alchemy
[5], the reﬁnement of cheap raw materials to form precious metals such
as gold; alloy design [6–8], the combination of two or more metals,
thereby bringing together, inducing, or signiﬁcantly altering the metal
properties; doping [9,10], changing the material's characteristics by
adding n- or p-types impurities to the semiconductor material, while
varying the carrier concentration in the semiconductor; employing the
size eﬀect [11,12], i.e., manipulating the size to form materials, such as
nanoparticles, which have diﬀerent physicochemical characteristics
from the respective conventional bulk materials. In particular, with
nanoparticles smaller than 10 nm, such as quantum-dots [13,14],
–wires [15], and –wells [16], it is possible to obtain the quantum
conﬁnement eﬀect [13–16] with larger energy bandgap energies. In
other words, even a small change in the nano-size could signiﬁcantly
aﬀect the energy bandgap by greatly reducing the wavelength. More
speciﬁcally, in case of CdS or CdSe nanocrystallites, an energy approximation with regard to the eﬀective nano-size can be expressed
∗

according to Equation (1) [17]:
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where ΔE is the bandgap diﬀerence, ℏ refers to the Dirac's constant, R is
the nano-size radius, me∗ and mh∗ refer to the electron and hole eﬀective
masses, respectively, e is the elementary charge, and ε refers to the bulk
optical dielectric coeﬃcient.
However, when excluding the scope of quantum mechanics [18],
which is completely distinct from classical mechanics [19], most successfully proposed material characterization techniques only indicate
the extent of material change based on the original material. In other
words, rather than designing a novel material, they merely enhance the
characteristics of the existing one. Therefore, the material resulting
from these techniques is not independent from the original structure,
but could be dependent on the existing material, thereby having a
limited possibility to alter its properties. Hence, it is important to
analyze the design of the existing material in advance in order to determine the characteristics, so that it is not only troublesome but also
has many constraints to be compared in a one-to-one correspondence.
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irradiation, the overall chemical reaction of which can be summarized
as follows [26,27]:

This led us to consider the possibility to design upgraded materials by
creating them from scratch, thus manipulating their shape and properties, through a block stacking via the bottom-up method [20] rather
than the currently used top-down approach [21]. Therefore, herein, we
propose a new material characterization technique that considers the
whole molecular group system (MGS) as a unit. This theory was based
on the fact that the lattice spaces can be bound together by one independent energy unit. This diﬀers signiﬁcantly to conventional approaches, where the lattice spaces between atoms play no role in
crystalline and amorphous structures.
The concept of MGS has several distinct features from many theoretical concepts developed so far, which we have summarized herein
before examining the experimental results. In order to successfully
prove the MGS theory, we compared the experimental results from MGS
and non-MGS samples. Here are some theoretical possible interactions
between materials:

exo
SnO2 + C → SnOx + CO2 (g) + CO (g)

(2)

exo
SnO2 + C → Sn + CO2 (g) + CO (g)

(3)

In other words, the combination of SnO2, C, and high energy generated heat in the samples, which dissolved the oxygen in SnO2, thus
forming CO2 and CO gases. As a result, SnO2 powder was reduced and
the compositional gradient Sn-SnOx-SnO2 was formed, depending on
the degree of reduction. The formed gradient can be considered a coreshell structure [28], as described in the schematic in Fig. 1. Some TEM
images that make this conceptual idea possible are indicated in
Fig. 1a–c. In these, the aggregation of dark spherical black particles
represents the SnO2 particles (Fig. 1a), while the black particles on the
light grey plate were the SnO2 particles adsorbed and dispersed on the
graphene (Fig. 1c). However, as can be seen in Fig. 1b, the fraction of
SnO2 particles in Fig. 1a is much larger than that in Fig. 1c. This was
due to the fact that the amount of graphene prepared was much smaller
than that of SnO2 (see Methods). This was exacerbated by the fact that
when irradiated with high energy, graphene bound to oxygen, which
reduced its fraction further. Therefore, the existence probability of
graphene was lowered, thereby increasing the existence probability of
SnOx and Sn. That is, regardless of the state of SnO2 particles, namely,
whether they were in the powder state (Fig. 1b) (i.e., clustered SnO2
powders (Fig. 1a) or adsorbed on graphene (Fig. 1c)), oxygen was
gradually lost from the surface and passed through the step of SnOx due
to the high energy irradiation, thus supplying suﬃcient energy for SnO2
to be reduced to Sn (Fig. 1d). In order to investigate the degree of reduction of SnO2 from the surface of the sample, a line proﬁle was
created. As a result, the amount of Sn was found to change more rapidly
from the surface toward the inside, compared to that of oxygen
(Fig. 1e). In particular, the distribution of Sn along the depth revealed
that there was more Sn on the outside (surface) than on the inside
(Fig. 1f), which indicates that the transition from SnO2 to Sn was most
active on the surface. In contrast, there was no signiﬁcant change in the
oxygen distribution (Fig. 1g). The results from a point energy-dispersive
X-ray spectrometry (EDX) analysis shown in Supplementary Materials,
Fig. 3 supported the abovementioned trend. In fact, it was conﬁrmed
that the atomic percent of Sn near the surface was overwhelmingly
higher than that of O, and that the Sn/O ratio was larger near the
surface than inside the sample.
Fig. 2 shows a schematic diagram of the reactions occurring after
homogeneously mixing the abovementioned sample (SnO2 + C + high
energy) with a binder. As described above, the mixed powder
(SnO2 + graphene), irradiated with high energy, activated the reduction of SnO2, thereby forming a composite of graphene, SnO2, SnOx, and
Sn (Fig. 2a). When these composites were mixed in the binder, two
distinct combination states between the mixed powder and binder
could be formed (Fig. 2b): either all powders could be evenly dispersed
into each other, forming a so-called “contactless channel,” or most
powders could be connected with each other, forming a so-called
“contact channel.” In fact, whether all particles were apart or not, the
important factor that enabled the MGS formation was the electrically
connected behavior among all particles in the binder. Therefore, particles and binders in the MGS formed one composite rather than separate system (Fig. 2c). In other words, despite the fact that contactless
and contact channels are diﬀerent, the following relation could be established for both of them: powder + binder = one system.
As can be seen from Fig. 2c, the formation of the MGS structure was
caused by the fact that the innumerable Sn particles obtained from the
applied high energy were uniformly distributed, thus forming the
channeling in the binder system. Moreover, the abovementioned assumptions were supported by the experimental data described in Fig. 3.
The SEM images manifested uniformly dispersed diverse particles
(SnO2, SnOx, and Sn) in the binder (Fig. 3a and b), whereas TEM

1. It is commonly known that the characteristics of two materials that
are separated from each other by space are diﬀerent from each other
and cannot be combined.
2. However, in the case of doping, other materials may be interspersed
with voids in the lattice of any base material and may exhibit new
characteristics.
3. The simplest example, glass [22], is a lattice-free amorphous material that adds functionality to the entire glass by incorporating
various materials into the base material.
Based on this knowledge, we speculated that energy interactions
among the additional constituents grouped within the parent (base)
material may be possible. If there is a bridge that enables the channelling of energy to the base material, energy interaction would be
possible. Through the existence of such passageways of energy, the
characteristics of diﬀerent kinds of internal materials can be combined.
Therefore, it is theoretically possible to make as many new materials as
the eﬀect of the sum of all the internal materials.
The morphologies of SnO2 and graphene aﬀected by the high energy
irradiation were observed in the scanning electron microscopy (SEM)
images shown in Supporting Information Fig. 1. In particular, two
distinct particle groups were observed in various places: (1) Sn, SnOx,
and SnO2 particles adsorbed on a large area of graphene (Supporting
Information Fig. 1a); (2) particles aggregated among Sn, SnOx, and
SnO2 (Supporting Information Fig. 1a–c). As can be seen from
Supporting Information Fig. 1c, the size of SnO2-based particles ranged
from a few tens of nanometers to 500 nm, with each particle tending to
clump continuously to lower the overall surface energy. X-ray diﬀraction (XRD) analysis was employed to identify the crystallinities and
crystal-phases of these particles (Supporting Information Fig. 2a). Notably, SnO2 (JCPDS# 41–1445) and Sn (JCPDS# 04–0673) were evenly
mixed in the graph [23], which indicates that when high energy was
applied to the SnO2/graphene mixed powder, the energy produced directly or indirectly was suﬃcient to reduce SnO2 (i.e., SnO2 →
Sn + O2). Furthermore, graphene enhanced the production rate of Sn
by binding with the oxygen molecules released from the SnO2 reduction, consequently producing CO and CO2 gases (i.e., C + O → CO or
C + O2 → CO2). Therefore, depending on the eﬀect strength of the high
energy, it might be possible to analyze the gradient of oxygen-aﬃnity
(SnO2, SnOx, and Sn). Moreover, Raman spectroscopy analysis was
performed to determine the presence of graphene. As can be seen from
Supporting Information Fig. 2b–d, mixed bindings (Supporting
Information Fig. 2b) consisting of SnO2 particles with small wavenumbers (Supporting Information Fig. 2c) and graphene ﬂakes with
large wavenumbers (Supporting Information Fig. 2d) were observed
[24,25]. In addition, Fig. 1 displays the transmission electron microscopy (TEM) images, schematic diagram, and elemental line proﬁle of
each sample. These results show the consistent process of reducing the
raw material from the SnO2 powder to Sn under high-energy
9859
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Fig. 1. Changes in the morphology and
composition after high-energy irradiating
the mixed raw powders (SnO2 + graphene).
Typical transmission electron microscopy
(TEM) images of (a) aggregated SnO2 particles at diﬀerent reduction degrees, (b)
SnO2 with/without graphene, and (c) several SnO2-based particles adsorbed in graphene. (d) Schematic diagram of the formation of the SnO2 core-Sn shell observed
in Fig. 1a and c, according to the degree of
the high-energy reduction. (e) Concentration distribution of Sn and O near the surface. Line mapping proﬁles of the concentration distributions of (f) Sn and (g) O,
indicating the higher Sn concentration on
the surface than on the inside.

characteristics.

analysis indicated that even though graphene was found occasionally
(Fig. 3c), most of the particles were SnO2-based clusters (Fig. 3d). In
particular, the enlarged TEM image of these particle clusters (Fig. 3e)
show dark black SnO2-based clusters on a light grey binder base. In
addition, according to the EDX line proﬁle of the powder aggregates
(Fig. 3f), Sn continued to exist not only in the powder but also in the
binder without the presence of any powder (Fig. 3g). Furthermore, the
concentration of Sn was found to be much higher than that of oxygen
(Fig. 3h).
Although contradictory to the physico-chemical phenomena and
mass-based principles postulated hitherto by various scientists, the data
in Fig. 3f–h indicates that there may be energy in the space between
distant masses. To the best of our knowledge, such an energy state has
not yet been detected. The fact that, in the EDX line proﬁle, Sn was
continuously connected even in the empty space of the base material
(binder) implies the following important issues:

Here, the SnO2 particles interacted energetically with each other in
the parent material (binder), thereby becoming one system with the
parent material. This suggests a new material characterization technique, which on the one hand includes neither an electrochemical
[29,30] nor a semiconductor mechanism [31,32], but on the other hand
involves both mechanisms. In order to verify this theory, a point element analysis was performed at three distinctive regions: (1) the
powder (Supporting Information Fig. 4a), (2) the binder near the
powder (Supporting Information Fig. 4c), and (3) the center of the
binder away from the powder (Supporting Information Fig. 4e). Based
on the obtained elemental composition, it was conﬁrmed that Sn was
uniformly distributed in the binder space (Supporting Information
Fig. 4b,d,f). Furthermore, the fact that the Sn particles were continuously detected regardless of their position demonstrates that the
MGS can have one property as a group.
Since the formed SnO2-based MGS was expected to exhibit excellent
gas sensing characteristics, which were similar to those of pure SnO2
[33,34], the system was tested for NO2 gas sensing. Hitherto, the gas
sensing properties of SnO2 have been mostly known to exhibit optimum
response between 250 and 350 °C [35,36]. However, in the MGS
sample, the best gas sensing performance was obtained at 200 °C, with

(1) The completed SnO2-based MGS could be channelled through the
doped Sn in the base material.
(2) The SnO2-based MGS had a signiﬁcantly lower resistance value than
the original SnO2 material, due to the presence of graphene and Sn.
(3) Due to the remaining portion of the original material (namely SnO2,
as it had the largest percentage), can have its own basic
9860
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Fig. 2. Formation of a molecular group system (MGS) from the high-energy irradiated mixed powder (SnO2 + graphene) using a binder. (a) A schematic diagram of
the subsequent formation of SnO2 and Sn from the original powder (SnO2 + graphene) under high-energy irradiation. (b) Two diﬀerent arrangement modes
(contactless and contact channels, respectively) of each particle, which can occur in a composite of the mixed powder and binder. (c) The basic concept of the MGS namely that the entire composite created a new one-system due to the formation of a number of Sn particles from the high energy.

Figs. 6–9.
Furthermore, the SnO2-based MGS sample showed signiﬁcantly
lower initial resistance than those of the comparative groups (Fig. 5 and
Table 1) [37,38]. A comparison of the initial resistance of the samples
at four diﬀerent temperatures (50, 100, 150, 200 °C) was performed. At
50 °C, the initial resistance of SnO2 was overwhelmingly bigger than
those of the other samples (i.e., SnO2 ≫ SnO2-based MGS >
SnO2 + graphene > graphene, Fig. 5a). It was assumed that this was
due to the contact eﬀect of graphene, which was contained in the remaining three samples. In addition, the eﬀect of graphene was considered to be larger than that of MGS at 50 °C (graphene eﬀect > MGS
eﬀect) (Fig. 5a). At 100 and 150 °C, a relationship of SnO2 ≫ SnO2based MGS ≈ SnO2 + graphene > graphene was obtained, which
indicated that the improved contact by graphene appeared as a resistance region with an almost similar eﬀect to that MGS (graphene
eﬀect ≈ MGS eﬀect) (Fig. 5b and c). Finally, considering the order
obtained at 200 °C, i.e., SnO2 + graphene > SnO2-based MGS >
SnO2 > graphene, we concluded that the MGS eﬀect inﬂuenced the

the optimum response temperature being slightly lowered (Supporting
Information Fig. 5). We believe that this change was due to the fact that
the binder, which forms the MGS, is broken at 250 °C. Therefore, in this
study, we performed the gas sensing test of MGS at 200 °C.
In order to ensure the sensing competitiveness of MGS, three samples were prepared as comparative groups and simultaneously measured at diﬀerent concentrations of NO2 gas (10, 6, and 2 ppm): (1) bare
SnO2 + binder, (2) bare graphene + binder, and (3) bare
SnO2 + graphene (without high-energy irradiation) + binder (Fig. 4).
As a result, we found that the sample of graphene + binder had no
sensor characteristics, while the SnO2 + graphene (without high energy beam) + binder sample aﬀected the sensor properties even with
simple mixing due to the contact eﬀects of graphene (Fig. 4a). However,
the SnO2-based MGS (with high energy) sample exhibited the best
sensing characteristics in terms of response (Fig. 4a and b) and recovery
time (Fig. 4d). This was attributed to the nature of MGS, which includes
the properties of both SnO2 and graphene. Detailed sensing data of the
four diﬀerent samples are presented in Supporting Information
9861
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Fig. 3. Particle arrangement and distribution of the chemical compositions in the composites. (a,b) SEM images showing that Sn, SnOx, and SnO2 were mixed in the
binder. (c–e) TEM images of composites containing graphene, SnO2-based particles, and binder: (c) image of graphene in the composite; (d) normal and (e) enlarged
images of a typical SnO2-based particle cluster (dark black - SnO2-based cluster; light grey - binder base). (f) EDX line proﬁle with the powder and binder present in
the composite. Distributions of the (g) Sn and (h) O concentrations, according to the EDX line proﬁle in the particle-binder-particle array.

combining the basic characteristics of all constituents.
In this work, we introduced the MGS theory, which, unlike existing
system, considers the whole group as an energy unit system, thereby
changing the inherent characteristics of the material itself. This new
approach exhibited several advantages over conventional systems. In
particular, it did not only consider the characteristics inherent to the
material, but also enabled the formation of new properties that were
diﬀerent from the existing ones. In addition, it provided the possibility
for preparing custom-tailored characteristics by combining the features
of each constituent. The reason why the composite could behave as a
single system was that the SnO2 particles, aﬀected by the high energy,
were reduced to Sn and dispersed evenly in the base material (binder).
This allowed the formation of a channel, which could transfer energy
without the direct connection of a large number of SnO2-based particles
and SnO2/graphene composites. Notably, this mechanism was clearly
conﬁrmed using analytical techniques such as XRD, Raman spectroscopy, elemental line proﬁle, and mapping. In particular, the SnO2-

resistances more prominently than the graphene eﬀect (graphene effect < MGS eﬀect) (Fig. 5d). In addition, based on the result that SnO2based MGS > SnO2, we could assume that the MGS eﬀect led to a
higher resistance (Fig. 5d). Therefore, MGS exhibited a kind of doping
form in the base material, such as the reduction of SnO2 to Sn, causing
all materials in the group to behave like one energy unit. Moreover, this
improved gas sensing properties can be another proof of the existence
of energy interactions between the SnO2 and graphene particles present
in the MGS.
Based on the results from this study, we concluded that SnO2-based
MGS exhibited the characteristics of SnO2, which accounted for the
largest percentage, but was also inﬂuenced by the other constituents
and showed new inherent characteristics of itself. In principle, although
this approach diﬀers from previous electrochemical and semiconductor
methods, it includes a new mechanism, which partly includes both
methods. This research can open new ways to accessing novel materials, which are completely diﬀerent from the already existing ones, by
9862
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Fig. 4. Gas-sensing characteristics (response, response time, and recovery time) of diﬀerent materials (SnO2, Graphene, SnO2 + Graphene, and SnO2based MGS) mixed in the binder under NO2 gas
concentration of 10, 6, and 2 ppm at 200 °C. Despite
the slightly longer response time of the SnO2-based
MGS sample in comparison with the SnO2 sample,
the former exhibited the best gas sensing characteristics.

Fig. 5. Comparison of the initial resistance values at (a) 50 °C, (b) 100 °C, (c) 150 °C, and (d) 200 °C for SnO2, Graphene, SnO2 + Graphene, and SnO2-based MGS.

transformation, and design techniques for new materials will play pivotal roles in expanding the area of new material science outside of
device application such as sensors.
Graphene was synthesized according to a previously published
technique similar to the Hummers' method [39]. SnO2 (Daejung Chemicals & Metals Co., Ltd.) and graphene were combined in a ratio of
9.5:0.5 wt% and mixed together for 5 min using a homemade stirrer to

based MGS gas sensor exhibited a low initial resistance and high response at lower temperature, compared to the previously reported initial resistance and optimum temperature. This diﬀerence was due to
the fused design technique (SnO2-based particles and binders), which
could simultaneously represent the individual properties of all constituent and the overall characteristics of the composite material. Based
on these results, we expect that the herein presented synthesis,
9863
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Table 1
The initial resistance of ﬁve diﬀerent materials at temperatures ranging from 50 to 200 °C.
Temp.

50 °C
100 °C
150 °C
200 °C

Initial Resistance (ohm)
SnO2 + Binder

Graphene + Binder

SnO2 + Graphene + Binder

SnO2-based MGS

Binder

491,839,30
4,349,859
47,179
2,707

10.84771
10.98703
11.34883
10.96578

785,751
476,683
34,389
14,322

12,652,390
482,896
34,344
4,152

No
No
No
No

signal
signal
signal
signal
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form a homogeneous mixture. The resulting powder was then placed in
a stoppered alumina cylinder and irradiated with a high-energy beam
(LGMM-M301, LG) for 5 min. Due to the high-energy irradiation, both
the graphene and SnO2 powders had the respective thermal energies
directly (graphene) and/or indirectly (SnO2). Thus, after the high-energy irradiation, a uniform mixture of SnO2 (major) and SnO2/graphene
composites (minor) were obtained. Finally, the sample was mixed with
a polyurethane-based binder (UDB-XP81001, UDerive Co., Ltd.) at a
ratio of 3:2 wt% and heated on a hot plate for 10 min to form a SnO2based MGS. A schematic diagram of the overall process is shown in Fig.
S10.
A SnO2-based MGS unit with Ti (50 nm) and Au electrodes was
synthesized on an alumina substrate through a homemade silk-screen
process, in order to investigate the characteristics as a gas sensing
property. The substrate that contained electrical channels formed by
the silk-screen, was placed into a gas chamber and the ﬂow rate of the
dry air and target gas (NO2) were adjusted to 100 sccm. The resistance
data for the presence or absence of gas was measured through a
Keithley 2400 source meter. The response (R) to the gas sensor was
deﬁned as R = Rg/Ra, where Ra and Rg represent the resistances in the
presence of air and target gas, respectively. The sensing properties of
the samples, i.e., SnO2 + binder, graphene + binder, and
SnO2 + graphene + binder, as comparative groups were investigated
to assure the SnO2-based MGS mechanism and emphasize the superiority of the sensing properties over those of other materials.
SEM (Hitach S-4200) and low-magniﬁcation TEM (200 kV, JEOL
JEM-2010, Japan) measurements were performed in order to determine
the morphology of SnO2 and graphene as raw materials. In addition,
XRD (Philips X-pert MRD x-ray diﬀractometer) analysis using CuKα
radiation (λ = 1.548 Å) and Raman spectroscopy (Jasco Laser Raman
Spectrophotometer NRS-3000 Series) were employed to conﬁrm the
identity, crystallinity, and microstructure of the samples. Lastly, the
elemental chemical composition was determined via EDX and chemical
mapping analyses, combined with a TEM instrument, of all parts around
the samples, thus obtaining point and line proﬁles of the samples.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ceramint.2019.02.025.
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