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Preface to ”Plasma-Based Synthesis and

Modification of Nanomaterials”

This book, entitled “Plasma-Based Synthesis and Modification of Nanomaterials”, is a collection

of nine original research articles [1–9] devoted to the application of different atmospheric pressure

(APPs) and low-pressure (LPPs) plasmas for the synthesis or modification of various nanomaterials

(NMs) of exceptional properties. The contributing works [1–9] also show the structural and

morphological characterization of the synthesized NMs and their further interesting and unique

applications in different areas of science and technology. The readers interested in the capabilities

of plasma-based treatments will quickly be convinced that APPs and LPPs enable one to efficiently

synthesize or modify differentiated NMs using a minimal number of operations. Indeed, the

procedures described in the collected articles [1–9] are eco-friendly and usually involve single-step

processes, thus considerably lowering the labor investment and costs. As a result, the production

of new NMs and their functionalization is more straightforward and can be carried out on a much

larger scale, compared to other methods and procedures involving complex chemical treatments and

processes. The size and morphology, as well as the structural and optical properties of the resulting

NMs are tunable and tailorable. In addition to leading to the desirable and reproducible physical

dimensions, crystallinity, functionality, and spectral properties of the resultant NMs, another benefit

of the plasma-based synthesis and modification is that the fabricated NMs are ready to be used prior

to their specific applications, without any initial pre-treatments.

The full text of the Editorial of the Nanomaterials Special Issue “Plasma based Synthesis and

Modification of Nanomaterials” with a concise description of all the contributing articles can be found

at https://www.mdpi.com/2079-4991/9/2/278.

Pawel Pohl

Special Issue Editor
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This Special Issue of Nanomaterials, including nine original research works [1–9], is devoted to
the application of different atmospheric pressure (APP) and low-pressure (LPP) plasmas for synthesis
or modification of various nanomaterials (NMs) of exceptional properties. This is followed by their
structural and morphological characterization and further interesting and unique applications in
different areas of science and technology. All readers interested in the capabilities of plasma-based
treatments will quickly be convinced that APPs and LPPs enable one to efficiently synthesize or modify
differentiated NMs using a minimal number of operations. Indeed, the procedures described in the
collected articles are eco-friendly and usually involve single-step processes, thus considerably lowering
labor investment and costs. As a result, the production of new NMs and their functionalization is
more straightforward and can be carried out on a much larger scale, compared to other methods and
procedures involving complex chemical treatments and processes. The size and morphology, as well
as structural and optical properties, of resulting NMs are tunable and tailorable. In addition to leading
to desirable and reproducible physical dimensions, crystallinity, functionality, and spectral properties
of the resultant NMs, another benefit of plasma-based synthesis and modification is that fabricated
NMs are ready-to-use prior to their specific applications, without any initial pre-treatments.

Among the discharges and plasmas applied for plasma-mediated synthesis or modification
of NMs, the readers can find, for example: impulse plasma in a solution initiated by spark
discharge between two metallic electrodes immersed in this solution [1]; atmospheric pressure
plasma jets provided by dielectric barrier discharge (DBD) operated in Ar–H2 [2] or Ar–O2, Ar–N2,
and Ar–NH3 [5] mixtures; atmospheric pressure glow discharges (APGDs) generated in air between
solid metallic electrodes and flowing solutions [3,4,6]; low-pressure capacitively coupled plasma
(CCP) sustained in O2 or N2 between two electrodes, one being at the end of a chamber field with
ionic liquids or low boiling point solvents [7]; and contact glow discharge electrolysis (CGDE) [8]
or liquid phase plasma (LPP) [9], operated in both cases between two electrodes immersed in
solutions of different compositions. Plasma-chemical processes and reactions occurring directly
in plasmas or at interfacial zones between gaseous phases of these plasmas and liquids led to
the fabrication of various metal-, nonmetal- and carbon-based NMs, including bimetallic Pd–Fe
nanoparticles (NPs) formed by melting and eroding Pd–Fe electrodes [1], fructose-functionalized
AgNPs [3], PVP-stabilized PtNPs [4], and pectin-stabilized AgNPs [6] (all synthesized by the
reduction of appropriate ions of these metals dissolved in solutions), carbon dots (CDs) formed
by irradiation of aliphatic acids dispersed in viscous media, SiNPs fabricated by melting and eroding Si
electrodes under plasma heat [8], and nanocomposites supported by Fe3O4 NPs on N-doped activated
carbon [9]. Interestingly, NMs were also synthesized by introducing suspensions of substrates into a
plasma torch (suspension-plasma spray, SPS) [2] to form Co/C, Fe/C, and Co–Fe/C NMs, containing
a nanometallic phase in addition to carbide and oxide phases of Co and Fe. Immersing plasma jets in
liquid suspensions, it was possible to modify the surface of dispersed nanocellulose (NC) fibers [5].

The morphological, structural, and functional properties of NMs result in their having a wide
variety of applications, e.g., as catalysts for the Fischer–Tropsch synthesis of CH4 from H2 and

Nanomaterials 2019, 9, 278; doi:10.3390/nano9020278 www.mdpi.com/journal/nanomaterials1
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CO [2], antimicrobial agents against different phytopathogenic bacteria [3], heat conductive media in
heat management systems [4], necrotic agents toward cancerous cells of the human melanoma cell
line [6], fluorescence sensors for detecting and measuring metal ions and flavonoids in solutions [7],
and materials for the production of anodes in lithium-ion batteries [8] or electrochemical capacitor
electrodes [9].

I sincerely thank all of the authors who sent their valuable works to this Special Issue on
Plasma-Based Synthesis and Modification of Nanomaterials. All interested readers are encouraged
to become familiar with these works and use discharges and plasmas in their future research on
plasma-mediated synthesis or functionalization of nanomaterials.

Acknowledgments: This work was funded by a statutory activity subsidy from the Polish Ministry of Science
and Higher Education for the Faculty of Chemistry of Wroclaw University of Science and Technology (Poland).
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Abstract: Iron oxide nanoparticles supported on nitrogen-doped activated carbon powder were
synthesized using an innovative plasma-in-liquid method, called the liquid phase plasma (LPP)
method. Nitrogen-doped carbon (NC) was prepared by a primary LPP reaction using an ammonium
chloride reactant solution, and an iron oxide/NC composite (IONCC) was prepared by a secondary
LPP reaction using an iron chloride reactant solution. The nitrogen component at 3.77 at. % formed
uniformly over the activated carbon (AC) surface after a 1 h LPP reaction. Iron oxide nanoparticles,
40~100 nm in size, were impregnated homogeneously over the NC surface after the LPP reaction, and
were identified as Fe3O4 by X-ray photoelectron spectroscopy and X-ray diffraction. NC and IONCCs
exhibited pseudo-capacitive characteristics, and their specific capacitance and cycling stability were
superior to those of bare AC. The nitrogen content on the NC surface increased the compatibility
and charge transfer rate, and the composites containing iron oxide exhibited a lower equivalent
series resistance.

Keywords: liquid phase plasma; activated carbon powder; iron oxide nanoparticle; nitrogen-doped
carbon; pseudo-capacitive characteristics

1. Introduction

Recently, the hybrid electric vehicles (HEV) and plug-in electric vehicles (PEV) have attracted
attention and are showing rapid growth [1–3]. HEV and PEV require a low-resistance, high-voltage
secondary battery and a supercapacitor [4,5]. Supercapacitors have received a great deal of interest
because of their higher power densities compared to batteries and higher energy densities than
conventional capacitors [6,7].

The capacitance of a supercapacitor can be changed according to the electrode material [8,9].
Therefore, there has been considerable interest in discovering ideal materials for supercapacitor
electrodes with respect to different metal oxides [10,11] and carbonaceous materials [12,13]. Among the
metal oxides investigated thus far, iron oxide is considered one of the most attractive because it displays
high theoretical capacity, and is inexpensive [14–16]. Carbonaceous materials, particularly activated
carbon (AC), are the most widely used electrode materials of electrochemical double layer capacitors

Nanomaterials 2018, 8, 190; doi:10.3390/nano8040190 www.mdpi.com/journal/nanomaterials3
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(EDLCs) because of their large specific surface area, size adjustment of pores, chemical stability,
lower weight, low cost, excellent electrical conductivity, and environmental friendliness [17,18].
Many researchers have prepared carbon electrode materials with a high specific capacitance for
EDLCs [19,20]. The introduction of electronic conductivity by doping the carbon matrix with
nitrogen is a promising alternative to enhancing the specific surface area [21,22]. Two methods
for nitrogen doping have been reported: carbonization of abundant nitrogen such as polypyrrole from
nitrogen-containing precursors [23,24] and introducing nitrogen-containing reagents such as ammonia,
urea, amines, and melamine to the carbon matrix [25–27]. Recently, the plasma generated from the
liquid phase has been used to synthesize metal oxide nanoparticles, which were then impregnated
with carbonaceous materials [28–30]. In previous studies, carbon composites impregnated with metal
oxide nanoparticles were synthesized using a liquid phase plasma (LPP) method and applied to
EDLCs [31–33]. In particular, the LPP method does not require the use of any additional reducing
agent, and is a very simple process for producing composites in a single step [29,34].

In this study, the LPP method was used to dope nitrogen and impregnate iron oxide nanoparticles
on the AC surface. The composition, shape, and chemical state of the fabricated composite produced
from the LPP reaction was quantitatively and qualitatively analyzed by various instruments. Also,
the effects of the amounts of nitrogen loaded and iron oxide particles impregnated on the AC surface on
the electrochemical performance for the prepared composites were investigated in detail. Specifically,
the main research questions of this research are (1) whether the specific capacitance of the prepared
composite increased with increasing quantity of iron oxide precipitate or not, and (2) whether the
composite showed resistance with the highest initial resistance slope or not.

2. Materials and Methods

2.1. Materials and Chemicals

Activated carbon powder (YP-50F, Kuraray Chemical Co. Ltd., Osaka, Japan) was used as the
electrode active material. Ammonium chloride (NH4Cl, Daejung Chemicals & Metals Co., Siheung,
Republic of Korea) was used for doping the activated carbon powder with nitrogen. We specifically
selected ammonium chloride that were an alkaline substance with high solubility in water, as compared
to urea, glycine, nitric acid, etc., to minimize the effect of precursor type and concentration on
the LPP process in terms of both conductivity and pH. However, a significant reduction of pH
was still observed in the reactant solution after the LPP reaction. Nitrogen-doped activated carbon
powder was subjected to the LPP reaction to impregnate iron oxide nanoparticles using iron chloride
tetrahydrate (FeCl2·4H2O, Kanto Chemical, Tokyo, Japan) as the precursor. Cetrimonium bromide
(CTAB, CH3(CH2)15N(Br)(CH3)3, Sigma-Aldrich, St. Louis, MO, USA) was added to the LPP reactant
solution to disperse iron oxide nanoparticles on the surface of nitrogen doped activated carbon.
All chemicals used in this study were reagent-grade chemicals and ultra-pure water (Biological
industries, Beit, Israel) was used to prepare the aqueous LPP reaction solutions.

2.2. Experimental Device

The LPP system was used in the same process for the nitrogen doping on the surface of AC
or impregnating iron oxide nanoparticles on nitrogen doped activated carbon. The LPP device
consisted of a power generator, a reaction unit, and a cooling system. Details of the configuration
and specifications of the LPP device are reported elsewhere [31,32]. In both processes, the plasma
operating conditions were a frequency of 30 kHz, a pulse width of 5 μs, and an applied voltage of
250 V. The quartz LPP reactor is a double tube type with an outer diameter and height of 40 and
80 mm, respectively. The batch type reactor was filled with the reaction aqueous solution, and the
outer channel was circulated with cooling water at 268 K. The cooling system played an important
role in eliminating the effect of temperature, which is highly elevated during the LPP reaction due to

4



Nanomaterials 2018, 8, 190

energy released by arc plasma in the reactant solution on the generated nanoparticles. The spacing of
the tungsten electrodes embedded in the ceramic insulators was maintained at 1.0 mm.

2.3. Preparation of Nitrogen Doped Carbon

Nitrogen doped carbon (NC) was synthesized through the LPP reaction. NH4Cl, as the nitrogen
precursor, was added to 200 mL of ultrapure water to make a 10 mM solution and 0.5 g of AC was then
added and stirred for 30 min to prepare the LPP reaction aqueous solution. Plasma was generated
in this aqueous reaction solution for 60 min to dope the AC with nitrogen. This is because both the
amount of iron oxide nanoparticles generated and the efficiency of nitrogen doped carbon are increased
only up to 60 min of the LPP reaction. After the LPP reaction, the NC powder was centrifuged and
washed three times with ultrapure water to remove the impurities. Finally, NC was prepared by drying
in a vacuum oven at 353 K for 24 h.

2.4. Preparation of IONCC

Iron oxide nanoparticles were impregnated into NC using the LPP reaction. A 0.5 g sample of NC
powder prepared by the LPP reaction was added to 200 mL of ultrapure water containing CTAB and
dispersed by stirring. Iron chloride (5 and 10 mM) was then added to the reactant solution, which was
then dissolved by stirring for 10 min. Plasma was generated for 60 min to prepare the NC composite
impregnated with iron oxide nanoparticles. The resulting iron oxide/NC composite (IONCC) powder
was washed and dried using the same method for NC production.

2.5. Electrochemical Test

A half-coin cell was prepared using IONCC powders and its electrical properties as
a supercapacitor electrode were assessed. The slurry for the coin cell was prepared by dissolving the
active material (80%), conductive agent (acetylene black, 10%), and binder (polyvinylidene fluoride,
10%) in a N-methyl pyrrolidinone solvent. The active material:conductive agent:binder were mixed
at a ratio of 80:10:10 wt. % to prepare the slurry. Here, IONCC powders, super-P (TIMCAL graphite
& carbon com., Bironico, Switzerland), and polyvinylidene fluoride were used as the active material,
conductive agent, and binder, respectively. The slurry was coated on Ni foil and dried for 60 min
in a convection oven at 393 K. The resulting powder was then roll-pressed and dried in a vacuum
oven at 373 K for 60 min to produce a half-coin cell. The electrolyte was a 6M KOH solution and
the separator was 150 μm glass felt. The current-voltage (C–V) curve was measured at a scan rate
of 10 mV/s, and actuation voltage from 0.1 to 0.8 V. All electrochemical properties were measured
using VSP potentiostat (Bio-logic Science Instruments, Seyssinet-Pariset, France). Three coin cells were
prepared under the same conditions, and the electrochemical properties reported are the mean values.

2.6. Structural Characterization

The elemental composition and dispersity of the as-prepared NC composite and IONCC were
examined by field-emission scanning electron microscopy (FE-SEM, JSM-7100F, JEOL, Tokyo, Japan).
The size and shape of the iron oxide nanoparticles in the IONCC were observed by high resolution field
emission transmission electron microscopy (HR-FETEM, JEM-2100F, JEOL, Tokyo, Japan). The chemical
structures of NC and IONCC were analyzed by X-photoelectron spectroscopy (XPS, Multilab 2000
system, Thermo Fisher Scientific, Waltham, MA, USA) and X-ray diffraction (XRD, XRD-7000,
SHIMADZU Corp., Kyoto, Japan). The specific surface area and pore size distribution of the IONCC
were examined using a surface area analyzer (Belsorp mini II, MicrotracBEL Corp., Osaka, Japan).
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3. Results and Discussion

3.1. Characteristics of IONCC

The chemical composition and dispersibility of the IONCCs prepared by the LPP process were
measured by energy dispersive spectroscopy (EDS) and element-mapping attached to the FE-SEM.
Figure 1 presents the EDS spectrum, real image, and the mapping image of each chemical component
of the IONCC produced by the LPP process.

Figure 1. EDS spectrum (a); SEM image and element-mapping images; (b) of IONCC prepared by two
LPP reactions.

The sample was prepared by first fabricating a NC by the LPP reaction in an aqueous ammonium
chloride solution, followed by a second LPP reaction at an iron chloride concentration of 10 mM.
A strong peak of carbon was observed at 0.25 keV in the EDS spectrum. Doped nitrogen (N kα) was
observed at 0.39 keV after the first LPP reaction, and iron (Fe Kα) impregnated was noted at 0.77 keV
after the second LPP reaction. In the mapping images, oxygen, nitrogen, and iron were marked with
green dots, yellow dots, and purple dots, respectively. The mapping image revealed nitrogen and
iron well dispersed over the AC surface. These results suggest that AC is doped with nitrogen by
the plasma generated in the ammonium chloride solution. The iron nanoparticles adhered to the AC
surface by the LPP reaction.

Table 1 lists the chemical compositions of NC and IONCCs prepared by the LPP reactions
determined by EDS. The chemical composition of bare AC (YP-50F) used as an electrode active material
in this study was composed of 97.06% carbon and 2.29% oxygen (at. %). Approximately 3% oxygen was
detected from the oxygen-containing functional groups attached to the AC surface. Oxygen-containing
functional groups are formed in the acid treatment during the production of AC. On the other hand,
the nitrogen component at 3.77 at. % was detected in NC. Therefore, a nitrogen-containing functional
group is formed on the AC surface when the LPP process is performed for 60 min in an aqueous
ammonium chloride solution containing AC. The IONCCs were prepared by varying the initial iron
chloride concentration to 5 mM (IONCC-5) and 10 mM (IONCC-10), respectively. The iron content
of IONCC-5 and IONCC-10 was 0.51 and 0.89 at. %, respectively. The quantity of iron nanoparticles
impregnated in the AC surface increased with increasing initial iron chloride concentration. Generating
plasma in the liquid phase is usually based on a streamer discharge or spark discharge. When spark
discharge occurs in the liquid phase, a large quantity of electrons, ozone and oxygen bubbles, strong
ultraviolet rays, various free radicals, and over-pressure shock waves are generated [35]. Therefore,
ammonium ions (NH4

+) are reduced by the many electrons generated in the reaction solution to form
nitrogen-containing functional groups on the AC surface. In addition, the iron ions are also reduced
by these electrons and imprinted on the AC surface. The amount of oxygen contained in the NC was
higher than that in bare AC, which means that AC was oxidized by the LPP reaction. In addition,
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the amount of oxygen contained in the IONCC was higher than that of NC. Therefore, NC was oxidized
by the LPP reaction, in which iron nanoparticles were impregnated. When plasma is generated in the
liquid phase, it can instantaneously generate a strong electric field, which produces a range of active
chemical species (O2

−, 1O2, O*, O3, OH*, HO2, H2O2, etc.) [36,37]. The AC and NC were assumed to
be oxidized by these strong oxidizing active species generated in the LPP reaction aqueous solution
to increase the oxygen content. On the other hand, the oxygen content of IONCC-10 synthesized at
high initial iron precursor concentrations was higher than that of IONCC-5. This was caused by the
impregnation reaction of iron nanoparticles, and it was presumed that iron oxide nanoparticles are
formed in the LPP reaction of this study.

Table 1. Chemical composition of bare AC and as-prepared composites using the LPP reaction with
different initial iron precursor concentrations

Samples
Carbon Oxygen Nitrogen Iron

wt. % at. % wt. % at. % wt. % at. % wt. % at. %

Bare AC 96.13 97.06 3.87 2.94 0.00 0.00 0.00 0.00
NC 91.40 92.96 4.28 3.27 4.32 3.77 0.00 0.00

IONCC-5 88.94 92.21 4.83 3.76 3.96 3.52 2.27 0.51
IONCC-10 87.55 92.02 5.24 4.14 3.27 2.95 3.94 0.89

Various chemically active species can be formed in the plasma field provided to the reactant
aqueous solution. In this study, the chemically active species were characterized by optical emission
spectroscopy (OES, AvaSpec-3648, Avantes, Apeldoorn, the Netherlands). Figure 2 shows the spectra
emitted from the ultrapure water and IONCC-10 LPP reactant aqueous solution. In ultrapure water,
molecular bands of hydroxyl radicals (OH•) with the excited states of atomic H and atomic O were
observed in the emission spectrum [38,39]. In the reactant solution of IONCC-10, iron peaks were
newly observed in the 340 to 440 nm regions along with those chemical species observed in ultrapure
water. They revealed atomic iron (FeI ground state electron configuration 1s22s22p63s23p63d64s2, 5D4)
peaks at 344.0, 358.1, 373.7, 382.0, 404.5, and 438.3 nm [40]. The LPP process can produce powerful
plasma instantaneously and releases strong electric fields that generate numerous electrochemical
species [35]. In addition, a very rapid reaction is followed by the active species and radicals generated
under the high temperature of the LPP process cause very rapid reactions [36]. The LPP reaction
applied in this study is caused by electrons and these active species. Iron oxide particles are formed
by reacting charged species (i.e., ions) from iron precursor in the reactant solution with active species
generated from the LPP process.

Figure 2. Spatially and temporally integrated emission spectra for the pulsed electric discharge.
(a) ultrapure water, (b) IONCC-10 reactant solution.
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XPS was performed to examine the chemical state and structure of nitrogen and iron particles of
the IONCC synthesized by the LPP method. Figure 3 shows the high resolution narrow-range XPS
spectrum of carbon, oxygen, nitrogen, and iron of IONCC-10. In the C 1s region, peaks were observed
at 282.9, 284.3, 285.2, 286.6, and 288.7 eV, which were assigned to carbide carbon, graphitic carbon,
C=N, C–O, and C=O bonds, respectively [41,42]. These results show that ammonium in the reactant
aqueous solution reacts with AC to form a C=N bond by the LPP reaction. The observed C–O and
C=O bonds can be attributed to an approximately 3% carbon content originally contained in the AC,
or oxidized AC surface by the excited oxygen and hydroxyl radicals produced by the LPP process.
In the O 1s region, a large Fe–O peak was observed at 530.0 eV and peaks due to C–O and C–O–C
were observed at 531.4 and 533.2 eV, respectively [43]. These results show that iron doped on the NC
surface by the LPP method is in the form of iron oxide nanoparticles. C–O–C and C–O bonds were
observed in the C 1s region. This may also be the carbon bond that the AC had from the beginning,
or it could have been formed by the LPP reaction. In the N 1s region, peaks were observed at 399.3,
400.3, and 401.6 eV, which were assigned to N-pyridinic, N-pyrrolic/pyridonic, and graphitic nitrogen,
respectively [44,45]. The LPP process shows that various nitrogen-containing functional groups are
generated on the AC surface. Similar peaks in the N1s region were observed between NC and IONCC,
which indicated the iron oxide nanoparticles generated from the LPP reaction did not affect nitrogen
loaded on the AC surface. In the Fe 2p region, peaks were observed at 710.9 and 724.6 eV, which were
assigned to Fe 2p1/2 and Fe 2p3/2, respectively. The spin orbital splitting (SOS) interval of Fe 2p1/2 and
Fe 2p3/2 peaks was 13.6 eV. Therefore, the iron oxide nanoparticles synthesized by the LPP method
are Fe3O4 [46]. The peaks at 710.9 and 712.8 eV in the Fe 2p3/2 region were attributed to Fe2+ and
Fe3+, and are associated with the peaks at 724.3 and 726.7 eV in the Fe 2p1/2 region [47]. In addition,
the peaks observed at 714.6 and 718.8 eV are the satellite peaks of Fe2+ and Fe3+, respectively, which
are similar to previous reports [48,49]. When the chemical state of as-prepared composites as well
as their chemical composition were reviewed by XPS, the elemental composition for IONCC-5, 10,
and NC was in good agreement with that of EDS in FE-SEM (see Table 1).

Figure 3. High resolution XPS spectra of C 1s, O 1s, N 1s, and Fe 2p region of IONCC-10 prepared by
the LPP method.
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Figure 4 presents XRD patterns of NC and IONCC-10 synthesized by the LPP process along with
the pattern of AC. In the spectrum of bare AC, the 002 and 101 planes of carbon were observed at
24.5 and 43.9◦ 2θ. NC showed a similar pattern to bare AC but the peak of the 002 plane was broader,
which was assigned to amorphous nitrogen doping of the AC surface by the LPP reaction [50,51].
As shown in Table 1, the content of iron oxide nanoparticles impregnated in IONCCs was less than
1 at. %, which was difficult to observe by XRD. On the other hand, in the IONCC-10 samples, the peaks
for the 311 and 440 planes Fe3O4 were observed at 35.4 and 62.5◦ 2θ, respectively [52,53]. Therefore,
the iron impregnated on the NC surface by the LPP reaction is iron oxide, which agrees with the EDS
and XPS results.

Figure 4. X-ray diffraction pattern of bare AC, NC, and IONCC-10.

Iron oxide nanoparticles on the IONCC-10 synthesized by the LPP method was observed by
FE-TEM, as shown in Figure 5, along with the elemental mapping image. The iron oxide nanoparticles
produced by the LPP reaction had a size ranging from 40 to 100 nm. As shown in Figure 5a,
approximately 40–100 nm of iron oxide nanoparticles were clustered on the IONCC surface. In the
mapping images, iron, oxygen, and nitrogen were marked with yellow, white, and red dots, respectively.
The particles on the NC surface were composed of iron and oxygen components. Oxygen was also
found on the IONCC surface, which is consistent with the EDS and XPS results. On the other hand,
nitrogen was distributed uniformly over the IONCC surface. The LPP reaction using the ammonium
chloride reactant solution resulted in nitrogen being doped uniformly over the AC surface.

Figure 5. FE-TEM image and elemental mapped results of iron oxide nanoparticle on the IONCC-10;
(a) TEM image; (b) iron; (c) oxygen; and (d) nitrogen element.
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The effects of nitrogen doping and the impregnation of iron oxide nanoparticles on the surface
area and pore diameter of AC were evaluated. Figure 6a shows the adsorption-desorption isotherm
curves of N2 gas at 77 K for each sample. The hysteresis zone of the mesopore was observed in all
samples and the hysteresis area of NC and IONCC decreased compared to bare AC. In the case of
NC, the pores were blocked by the nitrogen generated on the AC surface in the LPP reaction, and the
hysteresis area of the mesopore decreased [54,55]. In the case of the IONCCs, the N2 isotherm curves
were affected by the iron oxide nanoparticles produced on the NC surface. Figure 6b presents the pore
size distribution (PSD) measured by the Barrett, Joyner, and Halenda (BJH) method. Bare AC had
a structure with developed mesopores, 2–5 nm in size. On the other hand, the pore size distribution of
the mesopore tended to decrease in NC and IONACCs, as shown in Figure 6a, which is similar to the
N2 isotherm curve.

Figure 6. N2 adsorption-desorption isotherm curve (a) and pore size distribution (PSD) (b) of bare AC
and as-prepared composites.

Table 2 lists the surface area, total pore, and mean pore diameter measured using the
Brunauer–Emmett–Teller (BET) method. The surface area and total pore volume of NC were smaller
than those of bare AC and the mean pore size was also decreased. The micro- and mesopores are
affected by the nitrogen generated on the AC surface by the LPP process and these values were
reduced [42]. The surface area and total pore volume of IONCC-10 were smaller than IONCC-5 due
to an increase in the amount of iron oxide nanoparticles added. This is because the proportion of
iron oxide in the composite increases. In the case of the mean pore size, IONCCs were larger than
NC. In addition, the mean pore size of IONCC-10 was larger than that of IONCC-5. The micro-
and mesopore sizes of NC might have been blocked by the iron oxide particles produced by the
LPP reaction.

Table 2. Textural properties of bare AC and as-prepared composite obtained through the LPP process
with different iron precursor concentrations

Sample BET Surface Area (m2·g−1) Total Pore Volume (cm3·g−1) Average Pore Size (nm)

Bare AC 1700.7 0.8189 1.9261
NC 1592.6 0.7756 1.8328

IONCC-5 1547.7 0.7691 1.8534
IONCC-10 1504.5 0.7435 1.8670

3.2. Electrochemical Measurement

The electrochemical properties of NC and IONCCs synthesized by the LPP process were measured
and compared with those of bare AC. The results are shown in Figure 7. Figure 7a presents the C–V
curve results measured by CV over the range of 0.1 to 0.8 V, at a rate of 10 mV/s. Bare AC showed
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a typical rectangular shape and the characteristics of the EDLC. On the other hand, NC and IONCCs
exhibited pseudo-capacitive behavior, and the area of the C–V curve was increased compared to
that of bare AC. Nitrogen bonded to the surface of the NC reduced the surface area (see Table 2),
but improved the faradic interactions with 6M KOH due to the improved wettability [56]. In addition,
the C–V curve area tended to increase with increasing amount of iron oxide impregnated in IONCC
because of the redox reaction by iron oxide [57]. Figure 7b shows the change in capacitance measured
by repeating the charge–discharge process for 300 cycles. The initial specific capacitance of bare
AC was 115.12 F/g, which decreased to 99.96 F/g after 300 cycles, showing 13.16% capacitance loss.
The initial specific capacitance of NC was 119.98 F/g, which decreased to 105.18 F/g after 300 cycles,
showing 12.33% capacitance loss. This has higher specific capacitance and stable cycling stability
than that of bare AC because the hydrophilicity and reversibility of the redox reaction by nitrogen
are increased [58]. The initial specific capacitance of IONCC-5 and IONCC-10 were 122.64 and 127.11,
respectively. The specific capacitance increased with increasing amount of iron oxide impregnated by
the LPP reaction, which can be observed as an increase in specific capacitance due to the redox reaction.
The specific capacitance after the 300th cycle was 108.50 and 114.25 F/g, respectively, which showed
a corresponding 11.52% and 10.11% loss ratio, indicating stable cycling stability compared to bare AC.
Figure 7c presents a voltage-time (V–t) curve measured at a charge-discharge rate of 2 mA; the bare AC
showed a typical symmetrical shape. Composites (NC, IONCCs) prepared by the LPP process exhibited
pseudocapacitance behavior with a slight increase in the discharging process time. Figure 7d shows the
results for a composite resistor measured over the range of 0.01 to 300 kHz. The semicircle in the high
frequency region indicates the charge transfer resistance between the electrolyte and electrode, which
is 9.18 Ω in the bare AC, and 8.41, 7.90, and 7.22 Ω in the NC, IONCC-5, and IONCC-10, respectively.
The nitrogen content on the NC surface increased the compatibility and charge transfer rate. In the case
of IONCCs, the conductivity of the electrode was improved by the iron oxide in the composites [59,60].
The slope in the low frequency region represents the capacitive behavior. Compared to the bare AC,
the composites containing nitrogen and iron oxide exhibited pure capacitive behavior.

Figure 7. C–V curve (a); Cycling performance (b); V–t curve (c); and Nyquist plot (d) of bare AC and
as-prepared composites using LPP method.
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4. Conclusions

An electrochemical capacitor electrode was fabricated by doping with nitrogen and forming iron
oxide nanoparticles on the AC surface using a LPP process. The following conclusions were obtained:

1. Nitrogen-doped carbon (NC) was prepared by a primary LPP reaction using an ammonium
chloride reactant solution and nitrogen at a concentration of 3.77 at. % was formed uniformly
over the AC surface.

2. Iron oxide/NC composite (IONCC) was prepared by a secondary LPP reaction using an iron
chloride reactant solution. Iron oxide nanoparticles, 40–100 nm in size, were impregnated
homogeneously over the NC surface, which were identified as Fe3O4 by XPS and XRD.

3. The amount of iron nanoparticles impregnated in the AC surface increased with increasing initial
iron chloride concentration. The oxidation of AC and NC by the LPP reaction increased the
oxygen content in the composites.

4. Bare AC exhibited a typical rectangular shape and the characteristic of EDLC. On the other hand,
pseudo-capacitive behavior was observed in the NC and IONCCs, and the area of the C–V curve
was greater than that of bare AC.

5. The nitrogen content on the NC surface increased the compatibility and charge transfer rate.
6. The impregnation of iron oxide nanoparticles on the NC by the LPP process improved the cycling

stability of the EDLC and reduced the equivalent series resistance.
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Abstract: Silicon anodes have attracted considerable attention for their use in lithium-ion batteries
because of their extremely high theoretical capacity; however, they are prone to extensive volume
expansion during lithiation, which causes disintegration and poor cycling stability. In this article,
we use two approaches to address this issue, by reducing the size of the Si particles to nanoscale
and incorporating them into a carbon composite to help modulate the volume expansion problems.
We improve our previous work on the solution-plasma-mediated synthesis of Si nanoparticles
(NPs) by adjusting the electrolyte medium to mild buffer solutions rather than strong acids,
successfully generating Si-NPs with <10 nm diameters. We then combined these Si-NPs with
carbon using MgO-template-assisted sol-gel combustion synthesis, which afforded porous carbon
composite materials. Among the preparations, the composite material obtained from the LiCl
0.2 M + H3BO3 0.15 M solution-based Si-NPs exhibited a high reversible capacity of 537 mAh/g after
30 discharge/charge cycles at a current rate of 0.5 A/g. We attribute this increased reversible capacity
to the decreased particle size of the Si-NPs. These results clearly show the applicability of this facile
and environmentally friendly solution-plasma technique for producing Si-NPs as an anode material
for lithium-ion batteries.

Keywords: solution plasma; nanoparticles; batteries; silicon; anode materials

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have been widely used as energy-storage devices
for applications such as portable electronic devices and electric vehicles. Among the newer anode
materials with higher capacities, silicon anodes have attracted considerable attention because of
their high theoretical capacity of 4200 mAh·g−1, which exceeds that of commercialized graphite
anodes [1–4]. During the lithium insertion-extraction process, however, a large volume change (>280%)
inevitably occurs, which leads to pulverization of the silicon anode and loss of electrical contact with
the current collector, resulting in poor cycling performance [2,5]. To mitigate this volume-change
issue, several strategies have been proposed, including reducing the particle size to nanoscale [6,7],
fabricating Si nanostructures such as nanowires and nanoporous materials [8–11], utilizing hollow
core-shell structures [12], and dispersing nano-Si in a conductive carbon matrix to form Si-carbon
composites [13–19]. Liu et al. clarified that the critical particle diameter for a Si anode should be less
than 150 nm to avoid surface cracking and subsequent fracturing during lithiation [5]. In addition,
dispersing silicon nanoparticles (Si-NPs) into a carbon matrix is a technique that has been well
developed; here, the carbonaceous material acts to buffer the volume expansion and improves the
electrical conductivity of the Si active materials [13].

Nanomaterials 2018, 8, 286; doi:10.3390/nano8050286 www.mdpi.com/journal/nanomaterials16
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As an effective synthetic route for Si-NPs, this study proposes the solution-plasma-mediated
synthesis [20–30]. In this process, Si-NPs are directly synthesized from a Si bar electrode via a
solution-plasma treatment. Our previous study revealed that the use of a strong acid electrolyte
solution was effective for producing Si-NPs without oxidation [31]. In general, the solution plasma
technique offers many advantages, such as (1) simple experimental setup, (2) use of readily available
precursors, and (3) applicability to mass production. Unfortunately, with respect to the last point,
strong acid solution is not applicable on large scale. Furthermore, the performance of LIBs based on
Si-NPs synthesized from solution plasma is still unclear. Therefore, in this study, we have optimized
the Si-NPs synthesis conditions using mild buffer solutions.

In addition to the Si-NPs synthesis, the fabrication of a composite material consisting of the
Si-NPs and porous carbon is also important for overcoming the volume-change issue. This study
applied a sol-gel solution-combustion synthesis (SCS) approach, which is a highly exothermic and
self-sustaining process involving heating a homogeneous solution of aqueous metal salts and fuels
such as urea, citric acid, glycine acid, or glycine [32–37]. This method has been applied to synthesize
a Sn-NP-embedded porous carbon structure, using nanosized MgO as the template upon which to
construct the porous structure; this material displayed good cycle performance as an LIB anode [38].
Based on this result, a Si-C composite material was synthesized via MgO template-assisted SCS,
in which the starting material was a gel containing the Si-NPs, glycine (C2H5O2N) as the carbon source,
and Mg(NO3)2·6H2O as the template. After the combustion reaction, the generated MgO was removed
from the carbon, leaving the Si-NPs dispersed throughout the porous carbon structure after calcination
in N2. The obtained materials were characterized by X-ray diffractometry (XRD) and transmission
electron microscopy (TEM). Finally, the electrochemical properties of the product as an LIB anode
material were investigated.

2. Materials and Methods

Figure 1 shows the experimental setup for producing the Si particles and a schematic diagram
for the solution-combustion synthesis of the Si-C composite. A B-doped p-type Si bar with a square
cross-sectional width of 5.0 mm (Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) and electrical resistance
of 0.00494–0.00478 Ω cm was used as the cathode. The upper part of the Si bar was shielded by a quartz
glass tube to generate a plasma at the bottom tip of the electrode. A counter electrode was the Pt mesh.
A voltage was applied using a direct current power supply. To study the effect of the electrolyte on the
generation of the Si-NPs, solutions of KCl + H3BO3, KH2PO4 + K2HPO4, and LiCl + H3BO3 were used.
The electrolyte concentrations and applied voltages are summarized in Table 1. After the synthesis,
the products were collected by filtration and then washed several times with deionized water.

Table 1. Summary of experimental conditions and changes in pH and electrical conductivity for
each electrolyte.

Electrolyte Voltage (V) Current (A)

Before After

pH (-)
Electrical

Conductivity
(mS/m)

Electrolyte
Temperature

(◦C)
pH (-)

Electrical
Conductivity

(mS/m)

Electrolyte
Temperature

(◦C)

KCl 0.125 M +
H3BO3 0.125 M 195 2.01 4.84 1509 93.4 - - 94.8

KH2PO4 0.249 M +
K2HPO4 0.001 M 189 2.46 4.54 1879 92.3 4.59 1848 95.6

LiCl 0.2 M +
H3BO3 0.15 M 180 1.56 5.11 1716 94.7 7.52 1670 98.7
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Figure 1. (Color online) Experimental setup for producing Si particles and schematic diagram for the
solution combustion synthesis of Si-C the composite.

To synthesize the Si-C composite, commercially available Mg(NO3)2·6H2O (1.282 g, 0.005 M) and
C2H5O2N (2.252 g, 0.03 M) were added to 20% HNO3 solution (20 mL). After agitation, the Si-NPs
(30 mg) synthesized as described above were added to the HNO3 solution and then dispersed with a
thin-film spin system high-speed mixer (Filmix Model 30-L, PRIMIX Corp., Osaka, Japan) at 5000 rpm
for 15 min. The resulting solution was then dried on a hot plate at 90 ◦C. The prepared gel was
transferred to a furnace for combustion synthesis. The furnace was evacuated to below 100 Pa and
then nitrogen was introduced at 2 L/min. The annealing temperature was set at 500 ◦C. Upon reaching
200–300 ◦C, the gel quickly combusted, releasing a large amount of gases. After SCS, the obtained
particles were washed sequentially with 0.1 M HNO3 solution and deionized water to remove the
MgO phase. After drying, the sample was calcined at 700 ◦C for 1 h under N2 atmosphere.

The particles obtained at the end of each step were analyzed via XRD (Miniflex600, Rigaku,
Tokyo, Japan), employing Cu Kα radiation (λ = 1.5418 Å). The microstructure of the samples was
observed using a field-emission scanning electron microscope (SEM; JSM–7001FA, JEOL, Tokyo, Japan),
in which the inner structure of the porous particle was observed by the ion-milling technique using a
cross-sectional polisher (CP, IB-19510CP, JEOL, Tokyo, Japan ). TEM imaging (JEOL JEM-2010F, Tokyo,
Japan) was also performed. Raman spectra of the porous carbon were acquired from a LabRam 1B
Raman spectrometer (HORIBA, Kyoto, Japan).

Electrochemical characterization was performed in two-electrode Swagelok-type cells. The working
electrode consisted of the active material, conductive carbon (acetylene black), and a polymer binder
of sodium carboxymethyl cellulose (CMC) and poly(acrylic acid) (PAA) in a weight ratio of 75:15:5:5.
The well-blended solution-based slurry was spread onto copper foil and dried at 60 ◦C for 3 h under
vacuum. The dried electrode was punched into a 14-mm-diameter disc with a mass loading of 2–3 mg.
A metallic lithium disc (15-mm diameter) was used as the counter and reference electrodes. The cells
were assembled in an Ar-filled glove box (UNICO), using a solution of 1 M LiPF6 dissolved in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 v/v) as the electrolyte and a polypropylene membrane
as the separator. The cells were galvanostatically cycled from 0.01 to 2.0 V versus Li/Li+ at 0.5 A/g
in the constant current mode using a battery charge/discharge system (MSTAT4, Arbin Instruments,
College station, TX, USA) at a constant temperature of 25 ◦C.

3. Results and Discussion

The Si-NPs were synthesized using solution plasma generated by contact glow discharge
electrolysis (CGDE). Two electrodes consisting of a Si bar and Pt mesh were placed in a glass cell
and a direct-current voltage was applied. When the voltage was increased above 1.3 V, the current
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increased linearly in accordance with Ohm’s law, corresponding to the occurrence of water electrolysis.
Since the electrode surface of Si is smaller than the Pt mesh, the thermal loss concentrates at the Si
anode-solution interface. When a higher voltage is applied, the increased current heats the solution
near the Si electrode, and finally, the solution temperature surrounding Si electrode exceeds the boiling
point and a gas layer consisting of steam is generated. Once the gas layer is generated, the cathode
and solution are no longer in contact and the current is decreased. When the voltage is sufficiently
high (>150 V) [39,40], a discharge with intense light emission begins in the gas layer. The surface
of the electrode partially melts to produce nanoparticles, owing to the concentration of the current
caused by the electrothermal instability [41,42]. Control parameters for size of Si-NPs are applied
voltage and plasma mode. When the plasma mode is kept as a partial plasma region, the particle size
decreases with an increase of applied voltage [43,44]. However, the higher applied voltage induces
the transition from partial plasma to full plasma region, in which coarse particles are formed under
the high excitation temperature. Thus, we have selected the appropriate voltage for each electrolyte,
as shown in Table 1.

In our previous study, K2CO3, KNO3, KCl, HNO3, and HCl electrolytes were used for Si-NPs
synthesis; among these, the acid solutions were effective for producing Si-NPs without oxidation [31].
When the electrolyte was either a strong acid or strong base, the pH remained constant. The pH
of KNO3 and KCl increased during electrolysis because of the consumption of negative ions and
formation of OH− ions. In principle, the electrolysis of an acidic solution can be described as follows:

2H2O = 4H+ + O2(g) + 2e− (1)

However, the reduction of Cl− ions is favored over the decomposition of H2O:

2Cl− = Cl2(g) + 2e− (2)

Therefore, the pH in the neutral solution increases during electrolysis due to the generation of
Cl2 gas, and oxidized Si particles are then formed to react with the OH− ions, which produce Cl−

ions instead. At certain hot spots on the electrode surface during the plasma electrolysis, the Si2+ ions
were generated, and they combined with OH− to form SiO2: Si2+ + 2OH− → Si(OH)2 → SiO2 + H2O.
Etching of Si in KOH and NaOH was also reported by other research groups [45,46]. Thus, the pH
value of the electrolyte might have affected the product phase. In the case of KNO3 solution as the
electrolyte, the reduction of NO3

− to NO2
− may occur at the cathode electrode [47].

NO3
− + 2e− + H2O = NO2

− + 2OH− (3)

Previously, we found that the pH values of 0.1 M KCl and KNO3 solutions were increased
from 6.13 and 6.87 to 8.71 and 9.88, respectively, during the solution-plasma synthesis of Si-NPs [44].
When the electrolyte solution becomes too alkaline, the synthesized Si-NPs tend to be oxidized.
In contrast, strong acids such as HCl and HNO3 are effective for Si-NPs synthesis, but such strong
acids are harmful and corrosive. Thus, the use of neutral solutions is attractive because of their safety
and non-corrosive natures. This study investigates the non-volatile buffer solutions, KCl 0.125 M
+ H3BO3 0.125 M, KH2PO4 0.249 M + K2HPO4 0.001 M, and LiCl 0.2 M + H3BO3 0.15 M. In the
experiments, solution plasma is successfully generated in each electrolyte. As shown in Table 1,
the changes in pH are smaller compared to the cases of neutral single-electrolyte solutions, suggesting
the effectiveness of the buffered systems. The initial solution temperature was over 92 ◦C because the
pre-warming of the electrolysis was effective for initiate the plasma generation [48]. During Si-NPs
production, solution temperature was controlled in the range of 94~99 ◦C.

The produced Si-NPs were collected and characterized by XRD, SEM, and TEM. Figure 2 shows
the XRD patterns of the synthesized crystalline Si-NPs. generated in the three buffer solutions.
Figure 3a–c shows the SEM images of the synthesized Si-NPs. The synthesized particles are almost
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spherical, and some particles have an oval sphere shape. During melting and solidification process,
the generated particles forms sphere due to a surface tension. The particle size was measured using
low magnification TEM as shown in Figure 4, in which the particle size with over 50 nm were analyzed
using low magnification TEM. In the case of the KCl + H3BO3 solution, the particle size of Si particles
widely distributed from 50 nm to over 1 μm. Although the KH2PO4 + K2HPO4 solution produces
smaller particles, the LiCl + H3BO3 solution is the most effective for producing small Si-NPs. Although
the detailed mechanism is still unclear, ions such as K+, Na+, and Li+ are excited in the light-emitting
plasma layer [49], and these excited species might affect the generated plasma and local current
concentration, resulting in the change in product size. Figure 5 shows high-resolution TEM images
of the Si-NPs synthesized in the LiCl + H3BO3 solution, in which Si-NPs with diameters of less than
10 nm can also be observed. From the high-resolution TEM image shown in Figure 4b, small Si-NPs
have a single-crystalline structure, in which the obtained d spacing matched to the {111} plane of cubic
diamond-structured Si.

Figure 2. XRD patterns of the synthesized Si-NPs, as well as the Si-C composite prepared from Si-NPs
generated in LiCl + H3BO3 solution.

Figure 3. (a–c) SEM images of Si-NPs synthesized in different buffers; and (d) cross-sectional SEM
image of Si-C composite (LiCl + H3BO3 solution); (e) Illustration of porous Si-C composite material.
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Figure 4. The particle size distribution of Si-NPs, in which the particle sizes with over 50 nm were
analyzed using a low magnification TEM.

Figure 5. (a) High-resolution TEM image of Si-NPs synthesized using LiCl + H3BO3 solution. The white
circle indicates the Si-NPs; (b) Enlarged image of Si-NPs. The obtained d spacing matched to the {111}
plane of cubic diamond-structured Si.

For the LIB measurements, composite materials of porous carbon and Si-NPs were synthesized via
MgO template-assisted SCS to accommodate the huge volume expansion of Si-NPs during the lithiation
reaction. As indicated in Figure 1, the starting material is a gel containing the Si-NPs, glycine as the
carbon source, and Mg(NO3)2·6H2O as the template. After the combustion reaction, the generated MgO
is removed from the carbon, and the Si-NPs remain dispersed throughout the porous carbon structure
after calcination under N2, as shown in the schematic illustration in Figure 3e. This process has been
applied to fabricate a composite material of Sn-NPs and carbon, which successfully improved battery
properties [37]. Figure 2 shows the XRD pattern of the synthesized Si-C composite. After combustion
synthesis, the crystal structure of the Si is unchanged and a broad peak originating from the carbon
structure has appeared. Figure 6 shows the Raman spectrum of the Si-C composite. The peak at around
500 cm−1 corresponds to a silicon band [50,51]. Two strong peaks at around 1350 and 1570 cm−1

are D-band and G-band of carbon, indicating the disordered carbon and ordered graphitic carbon,
respectively. The ratios of the intensities of the D-band to G-band, ID/IG, are higher than 1 for Si-C
composite. This indicates that the synthesized porous carbon has disordered carbon structure, rather
than highly graphitic structure. It is reported that the generated carbon contains nitrogen after SCS
using glycine and nitrate [38,52]. The existence of nitrogen might affect to the crystallinity of the
generated carbon.
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Figure 6. Raman spectrum of the Si-C composite prepared from Si-NPs generated in LiCl + H3BO3 solution.

The electrochemical properties of the synthesized composites were investigated using a Li disk
as the reference and counter electrodes at a current density of 0.5 A/g. Figure 7 shows the cyclic
performance of the materials synthesized in the different electrolytes. The Si-C composite containing
the LiCl + H3BO3 solution-based Si-NPs shows a higher initial discharge capacity (over 1300 mAh/g)
compared to the other electrolyte-derived composites, and the capacity gradually decreases with
increasing cycle number. This same composite material (using Si-NPs from prepared in LiCl + H3BO3

solution) exhibits a higher reversible capacity (537 mAh/g) after 30 discharge/charge cycles at a current
rate of 0.5 A/g, compared to the 283 mAh/g observed for the composite prepared with KCl + H3BO3

solution-based Si-NPs. Because the theoretical capacity of graphite is 360 mAh/g, these results reveal
that the synthesized Si-NPs can function as anode materials. The difference in capacity is mainly due to
the particle size of the Si-NPs. When the particle size of the Si-NPs is less than 150 nm [5], their fracture
during cycling can be avoided. Thus, the small Si-NPs produced in the LiCl + H3BO3 solution
are effective for increasing the capacity. However, the discharge capacity continuously decreases.
Because the volume expansion of the Si-NPs during lithiation exceeds 400%, the synthesized porous
structure might be insufficient to accommodate this expansion, resulting in the fracture of the carbon
electrode. In the case of the Sn-C composite synthesized by the solution-combustion method [38],
the synthesized SnO2 nanoparticles are reduced by the surrounding carbon to form a Sn melt during
calcination. This Sn melt moves to the surface of the porous carbon, resulting in the “attachment” of
the Sn nanoparticles to the carbon structure to afford excellent battery performance. In the case of
the Si-NPs, the solid Si-NPs are “embedded” in the carbon structure, as shown in Figure 3d, which
might have induced the pulverization of the composite. A smaller particle size, use of a polymer, and a
well-organized porous structure should increase the cycle stability.

Figure 7. Cycling performance of Si-C composite anode materials at 0.5 A/g ranging from 0.01 to 2.00 V.
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4. Conclusions

In this study, Si nanoparticles (Si-NPs) were synthesized via a facile solution-plasma-mediated
synthesis, and composites consisting of Si-NPs and porous carbon were fabricated as the anode
materials for lithium-ion batteries. Among several mild buffer solutions investigated, the LiCl
0.2 M + H3BO3 0.15 M solution effectively produced smaller Si-NPs. These Si-NPs were formed from
a solid Si bar via local current concentration during the solution-plasma treatment. High-resolution
TEM imaging confirmed the synthesis of Si-NPs with diameters of less than 10 nm. The Si-C composite
material was synthesized via MgO template-assisted solution-combustion synthesis. The composite
material obtained from the LiCl 0.2 M + H3BO3 0.15 M solution exhibited a reversible capacity of
537 mAh/g after 30 discharge/charge cycles at a current rate of 0.5 A/g, as compared to the 283 mAh/g
observed for the KCl 0.125 M + H3BO3 0.125 M solution. The increased reversible capacity is mainly
due to the decreased particle size of the Si-NPs. These results clearly show the applicability of this
facile and environmentally friendly solution-plasma technique for producing Si-NPs as an anode
material for LIBs.
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Abstract: Oxygen and nitrogen capacitively coupled plasma (CCP) was used to irradiate
mixtures of aliphatic acids in high boiling point solvents to synthesize fluorescent carbon dots
(C-dots). With a high fluorescence intensity, the C-dots obtained from the O2/CCP radiation of a
1-ethyl-3-methylimidazolium dicyanamide ionic liquid solution of citric acid were characterized
with an average diameter of 8.6 nm (σ = 1.1 nm), nitrogen and oxygen bonding functionalities,
excitation-independent emissions, and upconversion fluorescence. Through dialysis of the
CCP-treated C-dots, two emissive surface states corresponding to their respective functionalities and
emissions were identified. The fluorescence spectrum of the CCP-treated C-dots was different from
that of the microwave irradiation and possessed higher intensity than that of hydrothermal pyrolysis.
By evaluation of the fluorescence quenching effect on flavonoids and metal ions, the CCP-treated
C-dots showed a high selectivity for quercetin and sensitivity to Hg2+. Based on the Perrin model, a
calibration curve (R2 = 0.9992) was established for quercetin ranging from 2.4 μM to 119 μM with an
LOD (limit of detection) = 0.5 μM. The quercetin in the ethanol extract of the sun-dried peel of Citrus
reticulata cv. Chachiensis was determined by a standard addition method to be 4.20 ± 0.15 mg/g with
a matrix effect of 8.16%.

Keywords: capacitively coupled plasma; carbon dots; ionic liquid; mercury ion; quercetin; upconversion

1. Introduction

Carbon dots (C-dots) have readily acquired predominance over commercial dyes and conventional
semiconductor quantum dots in a wide variety of analytical and biomedical applications, including
(bio)chemical sensing, photocatalysis, electrochemiluminescence, photoelectrochemical sensing,
bioimaging, and drug delivery, because of their tunable photoluminescence, fine resistance to
photobleaching, excellent water solubility, good biocompatibility, and ease of synthesis [1–4]. Based on
the chosen carbonaceous precursors, the approaches to synthesize C-dots are divided into top-down
and bottom-up routes [3–6]. The former involves cleaving or breaking down relatively macroscopic
carbonaceous materials, such as carbon nanotubes, graphite columns, and graphene powder, via acidic
and electrochemical oxidation, arc-discharge, and laser ablation. The latter is realized through
carbonization of small organic molecules via solvothermal and hydrothermal pyrolysis, microwave
and ultrasonic irradiation, and plasma treatment. The low requirement for carbon molecules in
the bottom-up route is advantageous for obtaining C-dots with desirable morphological, functional,
and spectral properties.

Due to equipment availability, plasma treatment is less reported than other approaches, especially
compared to the mainly utilized microwave and hydrothermal syntheses. However, the ability
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to control the nanoscale localization of energy and matter delivered from bulk plasmas to form
nano-solids is capable of unique self-organized processes [7]. In 2010, C-dots were first generated by
the reaction of benzene with atmosphere helium cavitation gas in a submerged-arc plasma reactor [8].
Another plasma–liquid system used argon atmospheric-pressure microplasma as gaseous electrodes
to purge an aqueous solution containing citric acid and ethylenediamine to produce C-dots [9].
Without the need for a well-designed reactor, the plasma-gas system can use gaseous and solid organic
precursors. Methane, hydrogen, and nitrogen were used as the reactive gases in a plasma-enhanced
hot filament chemical vapor deposition of carbon nanofilms and nanodots [10]. Ethylene gas was
introduced continuously along with the thermal argon plasma jet at sound velocity to produce
graphene quantum dots [11,12]. Also, solid egg white, yolk, acrylamide, and ashes of plant leaves were
irradiated by air atmospheric-pressure dielectric barrier discharge plasmas to generate C-dots [13–15].
No liquid precursors have been irradiated in a plasma-gas system to obtain C-dots.

In this study, aliphatic acids dispersed in viscous media, ionic liquids and high b.p. solvents,
were irradiated with capacitively coupled plasma (CCP) between regular plate electrodes in a
low-pressure chamber, in presence of oxygen; to obtain C-dots. Due to its high fluorescence
intensity, the C-dots synthesized via O2/CCP treatment of 1-ethyl-3-methylimidazolium dicyanamide
solution of citric acid were further characterized to determine the physical dimensions, crystallinity,
functionality, and spectral properties of the C-dots. A possible fluorescence mechanism was proposed.
After comparison with hydrothermal and microwave treatments, the O2/CCP-treated C-dots were
applied to detect metal ions and flavonoids.

2. Materials and Methods

2.1. Materials and Chemicals

Citric acid was purchased from Acros (Thermo Fisher Scientific, Geel, Belgium). Malic acid,
ethylene glycol, 1,4-butanediol, and poly(ethylene imide) (PEI, branched, Mn = 600, Mw = 800)
were from Aldrich (Milwaukee, WI, USA). Poly(ethylene glycol) (PEG, Mn = 1000) was purchased
from Alfa Aesar (Ward Hill, MA, USA). Adipic acid, succinic acid, and glycerol were from
Showa (Tokyo, Japan). Ionic liquids were purchased from Aldrich (1-ethyl-3-methylimidazolium
dicyanamide, [EMIM]N(CN)2; 1-ethyl-3-methylimidazolium tetrachloroaluminate, [EMIM]AlCl4;
1-methyl-3-octylimidazolium chloride, [MOIM]Cl); and trihexyltetradecylphosphonium dicyanamide,
[P6,6,6,14]N(CN)2) and Alfa Aesar (1-butyl-3-methylimidazolium tetrafluoroborate, [BMIM]BF4;
1-butyl-3-methylimidazolium chloride, [BMIM]Cl; and 1-butyl-3-methylimidazolium bromide,
[BMIM]Br). Nine flavonoids (5-methoxyflavone (Met), hesperidin (Hpd), naringin (Nag), catechin
(Cat), epicatechin (Epi), hesperetin (Hpt), daidzein (Dai), naringenin (Nar), and quercetin (Que)) were
from Aldrich. All metal and phosphate salts were of analytical grade and were obtained from Aldrich
and Acros. Purified water (18 MΩ·cm) from a Milli-Q water purification system (Millipore, Bedford,
MA, USA) was used to prepare the standard salt and buffer solutions. All standard solutions were
protected from light and kept at 4 ◦C in a refrigerator.

2.2. Synthesis and Characterization of C-Dots

For the capacitively coupled plasma (CCP) treatment, a crucible containing a mixture of an
aliphatic acid (100 mg) and a viscous solvent (500 μL) was placed on a flat aluminum tray adapted
for a cylindrical, stainless-steel, low pressure chamber (diameter of 10 cm and depth of 27.8 cm),
which was evacuated by a rotary vane pump (3.0 m3·h−1) in a modular plasma system (Femto SRS,
Diener electronic GmbH + Co. KG, Ebhausen, Germany). The system was initiated by an RF generator
(13.56 MHz, 0~100 W) to discharge the inlet gas (O2 or N2) between an aluminum planar electrode
and the flat tray under a working pressure of 0.285 torr. The gas flow was manually adjusted by a
needle valve (0~50 sccm), and the chamber pressure was measured by a Pirani sensor (10−2~10 mbar).
The small-footprint, table-top system was semi-automatically processed through evacuation pumping,
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gas inlet, plasma ignition, and ventilation. For comparison, the crucible was placed in a domestic
microwave oven (0~1150 Watt, 2450 MHz) or in a Teflon-lined vessel, sealed in a stainless-steel
autoclave (50 mL) and calcined at a constant temperature (200 ◦C) for a specified period of time.

After treatment, the crucible was rinsed with 1.0 mL of H2O to collect the synthesized C-dot
products. The 1.0 mL C-dot solutions were diluted at different ratios with water for characterization
or with phosphate buffers (50 mM, pH 7.0) to build a calibration curve. The diluted aqueous
solutions were characterized by a ultraviolet-visible (UV-Vis) spectrometer (Lambda 35, Perkin
Elmer, Cambridge, MA, USA), spectrofluorometer (LS55, Perkin Elmer, Cambridge, MA, USA),
Fourier transform infrared (FTIR) spectrometer (Prestige-21, Shimadzu, Japan) equipped with a single
reflection horizontal ATR accessory (MIRacle, PIKE Technologies, Fitchburg, WI, USA), high-resolution
transmission electron microscopy (JEM-2100, JEOL, Tokyo, Japan) operated at an accelerating voltage
of 200 kV, and laboratory-built electrophoresis apparatus consisting of a ±30 kV high-voltage power
supply (TriSep TM-2100, Unimicro Technologies, Pleasanton, CA, USA) and a UV-Vis detector (LCD
2083.2 CE, ECOM, Prague, Czech). Some product solutions were dried to evaporate the water at
70 ◦C in a vacuum oven for 24 h to prepare solid samples for high-resolution X-ray diffraction (D8
Discover, Bruker, MA, USA) and X-ray photoelectron spectroscopy (ULVAC-PHI PHI 5000 VersaProbe,
Physical Electronics, Eden Prairie, MN, USA). Some product solutions (1.0 mL) were dialyzed against
ultra-pure water through a molecular weight cutoff membrane (500–1000 Dalton, Float-A-Lyzer G2,
1 mL capacity, Spectrum Laboratories Inc., Savannah, GA, USA) to study the effect of the dialysis on
the separation of the C-dot products.

2.3. Fluorescence Measurement of Samples with the CCP-Treated C-Dots

The CCP treatment of the mixture of citric acid (100 mg) and the ionic liquid (500 μL)
[EMIM]N(CN)2 was performed with 10 sccm O2 inlet, 90 Watt RF power, and a 30 min duration.
The as-prepared 1.0 mL C-dot solution possessed high fluorescence intensity and was capable of
sensing samples. A small volume (0.2 μL) of the C-dot solution was added to each sample containing
metal ions (33.3 μM) or flavonoids (8.33 μg/mL) in 3.0 mL of phosphate buffer (50 mM, pH 7.0) to
measure the fluorescence intensities (I) at 430 nm (excitation at 330 nm) and 480 nm (excitation at
390 nm). These I values were compared with those (I0) observed in the blank samples to evaluate the
quenching effect (I/I0) on the samples and to further establish the calibration curves for quercetin,
a flavonoid.

A flavonoid-rich traditional Chinese medicine (TCM), called “Guang-Chen-Pi” in Chinese, was
purchased from a TCM store in Taichung, Taiwan, and the amount of quercetin in the medicine was
determined. After cleaning with deionized water, 5.0 g of dried Guang-Chen-Pi was triturated and
refluxed in 50 mL ethanol for two hours. After filtering through a glass microfiber disc (GF/A,
Whatman, England), 25 mL of the filtrate was concentrated to dryness on a rotary evaporator.
The remaining residue was dissolved with 7.2 mL ethanol and became the sample solution. Five 3.0 mL
vials were each spiked with 6.0 μL of the sample solution, and four of the five vials were further spiked
with 1.0, 2.0, 3.0, and 4.0 μL of the quercetin standard solution (7.24 × 10−3 M). The quercetin in the
ethanol extract of the Guang-Chen-Pi was calculated from the standard addition curve established by
the I values of the five vials.

3. Results and Discussion

3.1. Choice of Short Aliphatic Acids and Solvents

Four short aliphatic acids, including citric acid (CA), succinic acid, adipic acid, and malic acid
(MA), were separately dispersed in high b.p. solvents, including glycerol, PEG 1000, PEI 600, and seven
ionic liquids, which are listed in Section 2.1. Then, the mixtures were treated with the oxygen-gas
(10 sccm), RF-discharge (90 Watt) plasma produced between the capacitive-coupling, parallel-plate
electrodes. If lower b.p. solvents, such as ethylene glycol (b.p. 197 ◦C) and 1,4-butanediol (b.p. 235 ◦C),
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were substituted for the high b.p. solvents, a large amount of vaporized solvent was rapidly produced
just after the plasma initiation, and the vacuum pumping and RF power were quickly stopped. If only
the acids were treated by the capacitively coupled plasma (CCP) without the addition of solvents,
the white powder products looked like the native, untreated acids and showed no fluorescence.
After dispersion in the high b.p. solvents and a 30 min treatment with O2/CCP, dark brown products
were obtained, re-dispersed in water, and measured by UV-Vis and fluorescence spectroscopies.
The observed spectra are shown in Table S1 in the Electronic supplementary information (ESI).
Except for glycerol and PEG 1000, for which the CCP products did not show any fluorescence, most of
the solvents had excitation-dependent emissions. Glycerol and PEG do not contain any nitrogen
atoms in their chemical structures, but the other solvents do. The nitrogen involvement in O2/CCP
carbonization of the acids is crucial for obtaining fluorescent C-dots. Although some fluorescent
C-dots were obtained from non-nitrogen-containing materials by solvothermal [16], pyrolysis [17],
hydrothermal [18], and microwave heating [19], nitrogen gas in air can enter the heating apparatuses
and encounter the reactants to introduce nitrogen atoms into the C-dot structures. Even heating glycerol
or PEG solvents alone in a domestic microwave oven resulted in fluorescent C-dots [20,21]. In this
study, the nitrogen in air could not enter the CCP vacuum chamber. The only nitrogen source was the
high b.p. solvents. Currently, most fluorescent C-dots are synthesized from nitrogen-containing carbon
sources, solvents, or additives. In these cases, nitrogen-containing solvents act both as a dispersant
and a passivant.

As shown in Table S1, the highest photoluminescence (PL) intensity (Imax) observed at the
corresponding emission (λem,max) and excitation (λex,max) wavelengths varied with the acid and
nitrogen-containing solvent used. Some of the solvents, including PEI 600, [BMIM]AlCl4, [BMIM]BF4,
and [MOIM]Cl, possessed similar λem,max and λex,max values for all the acids, but other solvents did
not. Most of the CCP products possessed an obvious dependence of λem on λex, but a few of them did
not. Interestingly, the C-dots obtained from the O2/CCP treatment of CA and MA in [EMIM]N(CN)2

possessed the first and second highest photoluminescence (PL) intensities among the CCP products
in Table S1, but their dependence of λem on λex was obscure. As shown in Figure 1a and Table S1,
the emission redshifts were only 11 nm and 26 nm as an increase of 80 nm in λex was applied to
the CA-based C-dots (350 nm to 430 nm) and MA-based C-dots (300 nm to 380 nm), respectively.
In contrast, as shown in Figure 1(b), an obvious 58 nm redshift emission (λex = 350~430 nm) was
observed for the O2/CCP of [EMIM]N(CN)2 alone. Moreover, the λem,max position and the smaller PL
intensity in Figure 1b were different from those of the CA- and MA-based C-dots. There should be a
synergistic effect of [EMIM]N(CN)2 and the acids, CA and MA, on the formation of fluorescent C-dots
in the O2/CCP carbonization. Further discussion about the independence of λex for the CA-based
C-dots is addressed in Section 3.2.

Instead of O2/CCP, the N2/CCP treatment of CA in glycerol under the same CCP conditions
converted non-fluorescent C-dots to fluorescent ones, as shown in Figure 1c, and they present a
λem,max of 400 nm with a λex,max of 330 nm and a 19 nm redshift emission with an excitation from
290 nm to 370 nm. The definite difference in the fluorescence and UV-Vis spectra between Figure 1a,c
implies the different routes of C-dot formation. Although the N2/CCP treatment aided the use of
non-nitrogen-containing glycerol, its PL intensity was much lower than that of the product from the
O2/CCP treatment of CA in [EMIM]N(CN)2 at the same dilution factor. Because a fluorophore with a
high PL intensity is advantageous for analytical uses, CA dispersed in [EMIM]N(CN)2 was selected to
be the carbon source for the O2/CCP carbonization in the following discussion.
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Figure 1. Fluorescence spectra of (a,d) CA + [EMIM]N(CN)2; (b) [EMIM]N(CN)2; and (c) CA + glycerol
treated by O2/CCP (a,b,d) and N2/CCP (c). The mixtures of CA (100 mg) and solvents (500 μL) were
treated by CCP (10 sccm of gas flow, RF power 90 W, 30 min). After the addition of 1.0 mL of H2O to
the treated products, different volumes of the product solutions (0.2 μL for (a,d) and 20 μL for (b,c)
were separately transferred to cuvettes filled with 3.0 mL of H2O for spectrometric measurements.
(—) and (····) curves denote UV-Vis absorption and PL (emission at 480 nm) spectra, respectively.

3.2. Characterization of CCP-Treated C-Dots

The high-resolution TEM (HRTEM) image of the C-dots obtained in the conditions of Figure 1a is
shown in Figure S1, and the average size of the 55 particles analyzed by the ImageJ freeware was 8.6 nm
(σ = 1.1 nm). Most of the C-dots did not have any clear lattice fringes in the HRTEM image, but a few
indicated spaces between the graphene layers, as shown in Figure 2a and Figure S1. This was further
supported by the X-ray diffraction (XRD) pattern in Figure 2b, which displayed a broad diffraction
peak due to the amorphous nature of the sample and a distinct peak centered at 2θ = 27.3◦ for the
(002) facet of graphite. The prepared C-dots would be classified as carbon quantum dots rather than
carbon nanodots according to the classification in a recent paper [22]. Capillary zone electrophoresis
was used to analyze the changes in the surface charge of the C-dots via the electrophoretic mobility
(μep) at the pH of the running buffers. As shown in Figure 2c, the μep values, which were determined
by subtracting the electroosmotic mobilities (μeof) from the apparent mobilities (μapp) and inferred net
charge on the C-dot surface, were positive below pH 5.0 and negative above pH 8.9. The dissociation of
carboxylic acid and protonated amine or 1.3-diketones would occur on the C-dot surface as their pKa
values are near to 5.0 and 8.9, respectively. The full scan of the XPS spectrum presents the main peaks
of C 1s, N 1s, and O 1s in Figure 2d. The carbon content (49.5%) in the O2/CCP product was reasonable
and in the range between the reactants CA (C: 37.5%) and [EMIM]N(CN)2 (C: 58.9%). However,
a large decrease in the oxygen percentage from 58.3% in CA to 13.2% in the product was distinct from
the slight increase in the nitrogen percentage from 34.4% in [EMIM]N(CN)2 to 37.4% in the product.
This indicates that the oxygen atoms in CA were more easily subtracted by the oxygen plasma than
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the nitrogen atoms bound in the imidazole ring in [EMIM]N(CN)2. The deconvolution of the main
peaks is shown in Figure S2. In detail, four peaks related to the C–C (284.3 eV), C–N (284.9 eV), C–O
(285.9 eV), and C=O/C=N (287.6 eV) functional groups were deconvoluted from the C 1s spectrum.
The N 1s spectrum contained three nitrogen bonding groups, including C–N–C (399.5 eV), N–(C)3

(400.2 eV), and N–H (401.9 eV). The O 1s spectrum contained two characteristic peaks corresponding
to the C=O (530.7 ev) and C–OH/C–O–C (532.3 eV) groups. Although the peaks of C=N and N–(C)3

may support the existence of the imidazole group, the peaks for C–N, C–N–C, and N–H imply that
parts of the imidazole rings were pyrolyzed. Further evidence of the decomposition of imidazole rings
was given by the FTIR spectra in Figure 2e, which show that the characteristic absorption bands of
the aromatic CN heterocycles observed at 1465 to 1600 cm−1 in [EMIM]N(CN)2 disappeared after
the O2/CCP treatment. Even the dicyanamide anion decomposed, and its C≡N group absorption at
2145 cm−1 also vanished after the plasma action. The other typical peaks of the plasma product were
recognized as specific chemical bonding in Figure 2e.

Figure 2. Characterization of the C-dots prepared in the conditions of Figure 1a. (a) HRTEM image;
(b) XRD spectrum; (c) the plot of mobility with the pH of the running buffers; (d) XPS spectrum,
and (e) FTIR spectrum.

The PL, PLE (PL excitation), and UV-Vis absorption spectra of the as-prepared C-dots are shown
in Figure 1a, and an excitation-independent PL and an absorption peak at 360 nm, which was different
from λex,max = 390 nm, were observed. The emission at approximately 480 nm is independent of the
excited light beam from 350 nm to 430 nm. At λex,max = 390 nm, the quantum yield of the C-dots
was 12.4% based on a calibration against the reference quinine sulfate in 0.5 M H2SO4, as shown in
Figure S3. The same phenomenon occurred in Figure 1d, and the excited light beam from 270 to 330 nm
produced another independent emission at approximately 430 nm for the C-dots. At λex,max = 330 nm,
the quantum yield was calculated to be 7.2% with reference to 2-aminopyridine in 0.5 M H2SO4,
as shown in Figure S3. The two λex-independent emissions at 430 nm and 480 nm indicate two
emissive states for each uniform energy distribution on the C-dots. Neither of the two emissions could

31



Nanomaterials 2018, 8, 372

be categorized as an intrinsic emission (π*→π) from the carbon core because the quantum confinement
effect determines that 8.6 nm in diameter C-dots would have a longer-wavelength emission than
near infrared but not visible emissions [23]. The molecule states, which are determined solely by
the fluorescent molecules connected on the surface or interior of the C-dots, may be emissive states
because λex independence is a characteristic of a molecule state [24–27]. However, the possibility of
forming molecule states on the C-dots was excluded because no reasonable route to form a fluorophore
molecule via the reaction of CA and [EMIM]N(CN)2 could be inferred, whereas fluorophores were
reasonably formed by the reaction of CA and a primary amine, such as ethanolamine and ethylene
diamine [24,27]. Therefore, the two emissions should come from the surface states, which consisted of
hybridization of the carbon backbone and the connected chemical groups because the π* and molecule
states were excluded as the emissive states [28].

A dialysis membrane (cellulose ester, 500–1000 Da molecular weight cut-off) was used as an
ultrafilter for the as-prepared C-dots to separate the two surface states. As shown in Figure 3a,
the 430 nm emission of the dialyzed C-dots that collected outside the membrane grew stronger after
the first 2 h dialysis, but the 480 nm emission was weaker than that inside the membrane. Moreover,
the UV absorption peak at approximately 360 nm for the dialyzed C-dots vanished, and this could be
related to the weakness of the 480 nm emission. The fluorescence spectra of the C-dots dialyzed at
various times are assembled in Figure S4, and the changes in the ratio of the PL intensity at 430 nm
to that at 480 nm with the dialysis time are plotted in Figure 3b. The plot shows that the C-dot
particles with higher ratio values penetrate through membrane faster than those with lower ratios,
and each as-prepared C-dot particle did not have a uniform surface composition with an identical PL
intensity ratio. The faster penetration was apparently not due to the smaller particle size because the
average diameter (3.1 nm, σ = 1.0 nm) of the C-dots dialyzed for the first two hours was close to that
(3.6 nm, σ = 1.1 nm) for those dialyzed for 8 h, as shown in Figure S5. The main reason for different
penetration rate is that some of the functional groups or surface states leading to the 430 nm emission
favored penetration, but other surface states that lead to the 480 nm emission did not favor penetration.
These two groups simultaneously collected on a C-dot particle, but the buildup of the groups on the
particles was in different mole ratios. Figure 3c shows a possible energy level diagram for a C-dot
particle. For the two emissions, the excitation radiation beams actuated the valence π electrons in the
core of the C-dot particle to the π* conduction band. Then, the excited electrons transitioned to the
emissive surface states via radiationless relaxation between the lower π* levels and/or their hybrid
states, which were hybridized with core carbon and heteroatoms, such as nitrogen and oxygen atoms,
during the nucleation step in the carbonation.

The upconversion emission at λem,max = 480 nm was observed for the C-dots with 710–790 nm
excitation (λex,max = 790 nm), as shown in Figure S6. The emission intensity increased with the
excitation wavelength. A longer-wavelength light than 800 nm was not available due to the limitations
of the fluorospectrophotometer used in this study, but a longer wavelength source, such as a near-IR
laser, might induce a higher PL intensity. A 790 nm light stimulated the 480 nm up-conversion emission,
and a 390 nm light also stimulated the 480 nm emission, as shown in Figure 1a. This was expected
because 790 nm is nearly double 390 nm and is suitable for the sequential absorption of two long
wavelength photons. However, a 430 nm up-conversion emission was not observed in the excitation
range from 430 to 790 nm. The π* transit states (2λ = 660 nm) that correlated with the 430 nm emission
at λex,max = 330 nm, as shown in Figure 1d, would be less stable for the sequential absorption than
those (2λ = 780 nm) that correlated with the 480 nm and underwent radiationless relaxation.
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Figure 3. (a) Fluorescence and UV-Vis absorption spectra of the C-dots prepared in the conditions
of Figure 1a before (solid lines) and after (dashed lines) dialysis in H2O by a 500–1000 Da cut-off
membrane for two hours; (b) The plot of the PL intensity ratios of 430 nm PL intensity to 480 nm PL
intensity with the dialysis duration; (c) The proposed PL mechanism.

3.3. Comparison between CCP, Microwave, and Hydrothermal Carbonation

For a comparison, CA and [EMIM]N(CN)2 were mixed in a crucible and heated in a domestic
microwave oven at 90 Watt. The heating was stopped after 4.5 min because a severe burning
flame appeared on the crucible during the microwave irradiation. As shown in Figure 4a,
the microwave-treated product emission at 430 nm is stronger than its emission at 480 nm. Therefore,
the number of surface states corresponding to the 430 nm emission should be larger than the number
corresponding to the 480 nm emission. Furthermore, the chemical composition corresponding to the
two surface states caused by microwave radiation with a sufficient oxygen supply should be different
from that caused by the CCP ion bombardment under a limited oxygen supply. The stronger 430 nm
emission obtained with a sufficient oxygen supply implied that the formation of the 430 nm emissive
surface states involved oxygen atoms. Figure 4a shows the λex,max was 370 nm or 390 nm for the
maximum emission at λem,max = 430 nm, and the λex,max was 430 nm for that at λem,max = 480 nm.
The two λex,max values are larger (approximately 40 nm) than those in Figure 1d (λex,max = 330 nm)
and Figure 1a (λex,max = 390 nm), respectively. In addition to the changes in the surface composition,
the severe carbonation in a microwave oven might extend the domain of the double bond and shrink
the energy gap between π and π* to cause the 40 nm redshift compared with that for the CCP treatment.
Without the addition of CA, heating [EMIM]N(CN)2 alone in a microwave could not provide the
considerable 480 nm emission and only resulted in a strong 430 nm emission (λem,max = 400 nm) at a
shorter λex (290~350 nm), as shown in Figure 4b. In comparison with Figure 4a, the participation of
CA in the carbonation could mainly contribute the 480 nm emissive states and the extension of the
conjugated double bonds to the C-dot structure.

The mixture of CA and [EMIM]N(CN)2 was also placed in a Teflon-lined autoclave and heated in a
hot-air oven at 200 ◦C for 30 min. The PL and UV-Vis absorption spectra of the hydrothermal products
are plotted in Figure 4c and are similar to those in Figure 1a, which were obtained from O2/CCP at
10 sccm, except the PL intensity was smaller than that in Figure 1a. Furthermore, the spectrum of the
[EMIM]N(CN)2 alone sample treated by a hydrothermal method was similar to that from the CCP
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method, i.e., comparison of Figure 4d with Figure 1b. It is believed that fine tuning the temperature and
duration of the hydrothermal reaction in an autoclave could enhance the similarity of the reaction to
the CCP carbonation in a vacuum chamber with a low O2 supply, i.e., 10 sccm in our system. Figure 4d
shows the results from 5.0 h of heating [EMIM]N(CN)2 alone in an autoclave. Only 30 min of heating
by the hydrothermal method could not obtain a PL spectrum, but Figure 1b spectrum by the O2/CCP
method was obtained.

Figure 4. Fluorescence and UV-Vis absorption spectra for the CA + [EMIM]N(CN)2 (a,c) and
[EMIM]N(CN)2 alone (b,d) samples heated in a 90 W microwave oven for 4.5 min (a,b) and in an
autoclave at 200 ◦C for 30 min (c) and 5.0 h (d). After the addition of 1.0 mL of H2O to the heated
products, the product solutions of 0.2 μL for (a); 0.3 μL for (b); 2.0 μL for (c); and 15 μL for (d) were
diluted with 3.0 mL of H2O to measure the spectra.

3.4. Fluorescent Sensing by the O2/CCP-Treated C-Dots

The fluorescent C-dots prepared by O2/CCP of a mixture of CA and [EMIM]N(CN)2 in the
conditions shown in the legend of Figure 1a were used to separately probe fifteen metal ions and
nine flavonoids. At first, the λex-independent emissions at 430 nm (λex,max = 330 nm) and 480 nm
(λex,max = 390 nm) of the C-dots were used to evaluate their responses to the analytes. The 480 nm
emission was quenched by Cu2+, Ag+, and Hg2+, while the 430 nm emission was further quenched by
Fe3+ in addition to those ions, as shown in Figure 5a, where I and I0 are the emission intensities in the
absence and presence of the sample, respectively. The ions, Fe3+, Cu2+, and Ag+, quenched 10~15%
of each emission, and nearly 30% of the 430 nm emission and 65% of the 480 nm emission could be
heavily quenched by Hg2+. The quenching was sensitive to Hg2+, especially the 480 nm emission,
but the coexistence of the Fe3+, Cu2+, and Ag+ ions in a real sample would interfere with the detection
of Hg2+. However, the synthetic C-dots are good starting fluorescent materials for further ligand
attachment on them to improve a sensor’s specificity for Hg2+ in the presence of interfering ions.

For the flavonoid samples, quercetin, hesperetin, and naringenin could quench nearly half of
the 430 nm emission, but daidzein and 5-methoxyflavone passivated some unknown surface traps
and enhanced the 430 nm PL intensity, as shown in Figure 5b. In contrast to the 430 nm emission,
the 480 nm emission was only selectively quenched by quercetin, and the other flavonoids did not
affect the 480 nm emission. Therefore, the C-dots would directly sense quercetin in a flavonoid-rich
sample, such as Citrus reticulata cv. Chachiensis, which is a sun-dried peel used as a traditional Chinese
medicine, called “Guang-Chen-Pi” in Chinese. For quantification, the 480 nm PL intensities were
measured (Figure 5c) after equilibrium with quercetin standards in a phosphate buffer, pH 7.0, 50 mM,
and they were plotted against the quercetin concentrations ranging from 2.4 μM to 119 μM in Figure 5d.
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As shown in Figure 5d, the Stern–Volmer plot, I0/I v.s. [quercetin], is not linear. The deviation from
linearity is frequently attributed to a combination of dynamic and static quenching and can be corrected
using a modified Stern–Volmer plot, i.e., the Perrin model:

ln (I0/I) = NAV [Quencher]

where α = NAV, where NA is Avogadro’s number and V is the volume of the active sphere of quenching.
Based on the good linearity (R2 = 0.9992) and high slope (1.96 × 104 M−1) of the Perrin relationship,
the radius of the effective quenching sphere was calculated to be 19.8 nm, which is 2.3 times the C-dot
radius (8.6 nm) and allowed an efficient, photoinduced electron-transfer process of the encounter pair
between the C-dot (as an electron donor) and quercetin (as an electron acceptor) without coupling
reagents. The relative standard deviation for seven replicate measurements of 12.1 μM quercetin
solutions was 3.3%. Based on the 3σ of the blank response (σ = 3.1%, n = 10), the detection limit was
calculated to be 0.5 μM. As shown in the inset of Figure 5d, the quercetin in the ethanol extract of
Guang-Chen-Pi was determined by a standard addition method to be 4.20 ± 0.15 mg/g, which was
nearly nine times higher than 0.47 mg/g found in the air-dried peel of Citrus reticulate Blanco [29]. Some
factors, such as the citrus species used, growth environment, and method of drying the peel, accounted
for the difference. The matrix effect was evaluated by the ratio defined as (S1 − S2) × 100%/S2, where
S1 and S2 are the slopes of the calibration curves obtained by standard addition (S1 = 2.12 × 104 M−1,
R2 = 0.9990) and external standard (S2 = 1.96 × 104 M−1) methods, respectively [30]. The calculated
ratio, 8.16%, was lower than 10%, which suggested that the matrix effect could be ignored by the
standard addition method. The selectivity of the 480 nm emission from the C-dots for quercetin helped
reduce the matrix effect.

Figure 5. Effect of different metal ions (33.3 μM) (a) and flavonoids (8.33 μg/mL) (b) on the relative
PL intensity (I/I0) of the C-dots prepared in the conditions of Figure 1a; (c): Emission spectra of the
prepared C-dots before and after the addition of various concentrations of quercetin; (d): The respective
emission intensities are plotted versus the quercetin concentrations according to the Stern–Volmer
(�) and Perrin (�) models. The curve of the standard addition calibration (�) for the determination
of quercetin in the ethanol extract of Guang-Chen-Pi is inserted in (d). I and I0 are the PL intensities
observed in the presence (I) and absence (I0), respectively, of the samples in a 50 mM phosphate buffer
at pH 7.0.

4. Conclusions

The use of O2/CCP in the carbonation of mixtures of aliphatic acids and nitrogen-containing
viscous liquids, such as ionic liquids and PEI, was successful in forming fluorescent molecules.
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The dispersion of citric acid in [EMIM]N(CN)2 possessed the highest fluorescence intensity among
the mixtures, and the characteristics of the carbon quantum dots with C–N, C–O, O–H, and N–H
functionalities were two excitation-independent emissions emerging from two surface states and
upconversion of the fluorescence. In a comparison of the fluorescence spectra, the CCP-treated
C-dots were similar to the hydrothermally synthesized ones because they were operated in an
oxygen-limited environment, but they were different from the MW-irradiated ones in an open
environment. With specificity for quercetin among nine flavonoids, the CCP-treated C-dots were
applied to determine the quercetin content in Guang-Chen-Pi, 4.20 ± 0.15 mg/g. Among fifteen metal
ions, mercury ions most effectively quenched the fluorescence of the CCP-treated C-dots. Instead of
O2/CCP, the N2/CCP treatment of citric acid in glycerol under the same CCP conditions converted
non-fluorescent C-dots to fluorescent ones. This CCP-gas system can, not only provide carbonization
of carbonaceous materials but doping of heteroatoms or afterwards.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/6/372/s1,
Figure S1: TEM images of the as-prepared C-dots; Figure S2: The deconvolution of the C 1s, N 1s, and O 1s XPS
peaks from the O2/CCP of the mixture of CA and [EMIM]N(CN)2; Figure S3: Plot of the normalized PL intensity
against the UV-Vis absorbance for the determination of the quantum yield; Figure S4: The fluorescence spectra of
the C-dots collected after different dialysis times; Figure S5: TEM images of the C-dots dialyzed for two hours and
their size distribution; Figure S6: Up-conversion emissions of the prepared C-dots under different wavelength
excitations; Table S1: The UV-Vis and fluorescence spectra of the products obtained by CCP treatments.
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Abstract: An innovative and environmentally friendly method for the synthesis of size-controlled silver
nanoparticles (AgNPs) is presented. Pectin-stabilized AgNPs were synthesized in a plasma-reaction
system in which pulse-modulated radio-frequency atmospheric-pressure glow discharge (pm-rf-APGD)
was operated in contact with a flowing liquid electrode. The use of pm-rf-APGD allows for better
control of the size of AgNPs and their stability and monodispersity. AgNPs synthesized under defined
operating conditions exhibited average sizes of 41.62 ± 12.08 nm and 10.38 ± 4.56 nm, as determined by
dynamic light scattering and transmission electron microscopy (TEM), respectively. Energy-dispersive
X-ray spectroscopy (EDS) confirmed that the nanoparticles were composed of metallic Ag. Furthermore,
the ξ-potential of the AgNPs was shown to be −43.11 ± 0.96 mV, which will facilitate their application
in biological systems. Between 70% and 90% of the cancerous cells of the human melanoma Hs
294T cell line underwent necrosis following treatment with the synthesized AgNPs. Furthermore,
optical emission spectrometry (OES) identified reactive species, such as NO, NH, N2, O, and H, as
pm-rf-APGD produced compounds that may be involved in the reduction of the Ag(I) ions.

Keywords: cold atmospheric-pressure plasma; nanostructures; necrosis

1. Introduction

Since ancient times, the many special properties of metallic silver have been well known and widely
utilized because of its antibacterial [1], conductive [2], and optical [3] applications. Special attention has
been given to silver nanoparticles (AgNPs), as their high surface-area-to-volume ratio [4] increases
their number of possible applications. Most commonly, AgNPs are utilized in surface-enhanced
Raman spectroscopy [5] and metal-enhanced fluorescence [6]. Furthermore, because of the excellent
antibacterial activities of AgNPs, they are included in antibacterial clothing [7].
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One promising utilization of AgNPs, and nanoparticles in general, is their application in medicine,
for example, serving as drug delivery vectors [8,9]. The antiproliferating and antitumor activities of
AgNPs have been the focus of much scientific effort, having been reviewed by Banti et al. and Zhang et al.
among others [10,11]. In particular, AgNPs have gained interest in the field of nanomedicine because
of their unique properties and their therapeutic potential in the treatment of at least some human
cancers, with a particular focus on breast cancer [12,13]. Notably, a significant difference in the effects
of AgNPs on tumor and non-tumor cell lines has been observed [14], supporting their potential as a
cancer therapy agent. The effects of AgNPs on cancer cells are dependent on the concentration [13]
and size [15] of the AgNPs. For example, smaller AgNPs at a lower concentration induced apoptosis
and necrosis in a human pancreatic ductal adenocarcinoma cell line, while larger AgNPs at higher
concentrations induced autophagy in this cell line [15].

The cytotoxic and genotoxic effects of AgNPs against mammalian cells [16,17], as well as their
antimicrobial properties [18], has led to increased demand for methods for the reproducible production of
AgNPs with defined characteristics, such as size and shape. An intriguing technique for AgNP synthesis
is the use of cold atmospheric-pressure plasmas (CAPPs) in direct interaction with AgNO3 solutions.
The synthesis of AgNPs using CAPPs is a promising alternative to conventional “wet” chemical methods.
It allows for the production of biocompatible AgNPs with higher monodispersity [19], without the
use of potentially toxic reducing agents [20,21]. It additionally allows for the control of the optical
and granulometric properties of the resulting nanomaterial, while minimizing the number of required
steps and manipulations.

Among the different CAAPs applied for the production of Ag nanostructures directly in solutions,
high-voltage direct-current-driven atmospheric-pressure glow discharge (dc-APGD) is the most widely
used; however, the number of studies devoted to this topic is limited [22–33]. Considering experimental
setups, stable dc-APGDs generated in contact with non-flowing solutions have been sustained with
the aid of Ar [23,29,31–33] or He [24,26–28,30] jets. Gases were introduced through Cu [29] or stainless
steel [23–28,30–33] tubes or capillaries attached to the negative polarity outputs of high voltage direct
current (HV-dc) power supplies. Solutions were positively biased by immersing graphite rods [24], Pt
rods [29], or Pt foils [23,28,30–33] into them, to which the ground earth outputs of the supplies were
attached, or through the use of another gaseous jet [27]. Generally, these systems use a stationary
AgNO3 solution [20,23–27,30–34], and the reactors usually run for up to 30 min [31,32], resulting in
the production of limited amounts of nanomaterials. However, a few continuous-flow systems have
also been developed that significantly improve the production rate [19,22].

In the systems described above, the plasma generated in the gaps between gas-supporting
capillaries and AgNO3 solutions is a rich source of high-energy electrons (eg

−) that bombard the
solution surface. After thermalization (energy loss through multibody interactions with water
molecules) of the eg

− from the gas phase, solvated electrons (eaq
−) are formed in the liquid phase.

Redox reactions mediated by the eaq
− and other reactive species, such as hydrogen radicals (H),

hydrogen peroxide (H2O2), singlet oxygen (O), nitrogen oxide (NO), and hydroxyls (OH), result
in particle nucleation and the growth of AgNPs in the solution [22–30]. This process can lead
to electrostatically stabilized AgNPs without the need for additional capping agents [22,30,33].
However, various stabilizers, such as pectin [19], dextran [29], fructose [30–32], sucrose [24], polyvinyl
alcohol [23], polyacrylic acid [25], and sodium dodecyl sulfate [19,26,27], are often included to prevent
undesirable agglomeration and precipitation of the Ag nanostructures.

We are unaware of any studies making use of pulse-modulated radio-frequency alternating-
current-driven atmospheric-pressure glow discharge (pm-rf-APGD) for the synthesis of nanomaterials.
However, pm-rf-APGD presents many characteristics that make it an appealing alternative to dc-APGD
for the synthesis of AgNPs. In pm-rf-APGD, there is a constant switching in the polarity of the
electrodes, resulting in alternating injections of electrons (positive charge of the flowing liquid electrode)
and positive ions (negative charge of the flowing liquid electrode). Both the electrons and positive
ions contribute to the production of reactive oxygen and nitrogen species (RONS) responsible for
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the reduction of Ag(I) ions in the liquid phase. This characteristic may allow for the generation of
AgNPs with improved monodispersity and long-term stability. By alternating between conditions
convenient for reduction of the precursor of AgNPs (when the flowing liquid electrode of pm-rf-APGD
has positive polarity) and conditions permissive for AgNPs etching due to acidification of the liquid
(when the flowing liquid electrode of pm-rf-APGD has negative polarity), pm-rf-APGD may allow for
better control of the shape and size of the AgNPs [34]. Moreover, the use of pm-rf-APGD is expected
to reduce the power consumption of the AgNPs synthesis procedure relative to the use of dc-APGD;
when 30% or 70% duty cycles are used, the plasma is off for 70% or 30% of the time, respectively [34].

Here, the properties of pm-rf-APGD-mediated AgNPs are explored. The effects of five parameters
of this novel plasma-reaction system on the wavelength of the maximum (λmax) of the localized
surface plasmon resonance (LSPR) absorption band of the resultant AgNPs were examined using
a response surface design. On the basis of the full quadratic response surface regression model,
optimal conditions for the production of AgNPs of the largest and smallest sizes were selected, and
the model was validated. Next, AgNPs produced under the conditions for the largest size were
further characterized with respect to their optical and morphological properties and their cytotoxic
activity toward human melanoma Hs 294T cells. Furthermore, the processes in the gas phase of the
pm-rf-APGD were examined by optimal emission spectrometry (OES) in order to identify the reactive
species possibly responsible for the synthesis of the Ag nanostructures.

2. Materials and Methods

2.1. Reagents and Solutions

To obtain a 1000 mg·L−1 stock solution of Ag(I) ions, 0.3937 g of solid silver nitrate (AgNO3;
Avantor Performance Materials, Gliwice, Poland) was dissolved in 250 mL of de-ionized water.
The prepared stock solution was diluted 5, 2.86, or 2 times with de-ionized water, yielding final
Ag(I) ion concentrations of 200, 350, and 500 mg·L−1, respectively. Next, pectin (Agdia-Biofords,
Evry Cedex, France), which is a biocompatible stabilizer, was added to aliquots of the working
solutions to final concentrations of 0%, 0.25%, or 0.50% (m/v). This non-toxic biopolymer was included
with the aim to stabilize the synthesized Ag nanostructures as well as to prevent their aggregation and
sedimentation. All of the reagents were of analytical grade or higher purity. De-ionized water was
used in all experiments.

2.2. Plasma-Reaction System for the Continuous Synthesis of AgNPs

Ag nanostructures were continuously produced in an innovative plasma-reaction system
(Figure 1), in which APGD was generated between the surface of the flowing liquid electrode and a
pin-type tungsten electrode (outer diameter of 4.00 mm). The APGD was generated using the rf (50 kHz)
voltage wave modulated at frequencies within 500–1500 Hz with duty cycles of 30–70%. The distance
between the surface of the flowing liquid electrode and the pin-type tungsten electrode was 4.00 mm.
The rf voltage waveform was generated using a rf generator (Dora Electronics Equipment, Wroclaw,
Poland). To charge the working solutions, a platinum wire was connected to the quartz-graphite
capillary. Current and voltage measurements were made using a Rogowski coil and a voltage probe.
The measured root-mean-square current was ~15 mA, while the root-mean-square voltage was 5 kV.
The working solutions of the flowing liquid electrode were introduced to the developed pm-rf-APGD
plasma-reaction system by a four-channel peristaltic pump (Masterflex L\S, Cole-Parme, Vernon Hill,
IL, USA), at flow rates of 3.0–6.0 mL·min−1 via a quartz-graphite capillary (outer diameter of 6.00 mm).
In the flowing liquid electrode working solutions, the concentration of Ag(I) ions was between 200
and 500 mg·L−1, and the pectin concentration was within 0.00–0.50% (m/v). Flowing liquid electrode
solutions containing Ag(I) ions of defined concentrations (with or without pectin) were continuously
introduced to the plasma-reaction system and treated by pm-rf-APGD. Plasma-treated solutions
containing AgNPs were collected and subjected to analysis by UV/Vis absorption spectrophotometry
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to acquire the λmax value of the LSPR absorption band, characteristically in the range of 400–750 nm
for spherical AgNPs [19,35].

2.3. Response Surface Model and Optimization of AgNP Synthesis

To examine the effects of the operating parameters of the pm-rf-APGD plasma-reaction system
on the location of λmax of the LSPR absorption band of the produced AgNPs, as well as to optimize
this system so as to fabricate Ag nanostructures of a given size, the response surface methodology
(RSM) was used to plan the experimental treatments and analyze the response surface. In this case,
the Box–Behnken experimental design (BBD) was used, and the following five operating parameters
were considered: the flow rate of the flowing liquid electrode solution (A) (mL·min−1), the precursor
concentration in the flowing liquid electrode solution (B) (mg·L−1), the stabilizer concentration (C)
(% (m/v)), the frequency of pulse modulation of the rf current (D) (Hz), and the duty cycle (E) (%).
The response surface design included 43 randomized experimental treatments at three different levels
(−1, 0, and +1) of the operating parameters, counting three center points. The levels of parameters
were arbitrarily selected and limited to the range in which stable operation of the pm-rf-APGD
plasma-reaction system was obtained, that is, 3.0–6.0 mL·min−1 (A), 200–500 mg·L−1 of Ag(I) ions
as AgNO3 (B), 0.00–0.50% (m/v) of pectin (C), 500–1500 Hz (D), and 30–70% (E). All experimental
treatments were executed in one block within the response surface design matrix (with actual and
coded values of the operating parameters) that is given in Table 1.

Figure 1. The scheme of the pulse-modulated radio-frequency atmospheric-pressure glow discharge
(pm-rf-APGD)-based plasma-reaction system for the continuous production of silver nanoparticles
(AgNPs). (A) Solution containing the AgNP precursor with or without pectin; (B) peristaltic
pump; (C) quartz capillary; (D) graphite tube; (E) platinum wire; (F) pm-rf-APGD; (G) pin-type
electrode; (H) quartz chamber; (I) radio-frequency (rf) voltage; (J) solution after pm-rf-APGD treatment
containing AgNPs.
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Table 1. The Box–Behnken response surface design with actual and coded values of operating
parameters of the pulse-modulated radio-frequency atmospheric-pressure glow discharge (pm-rf-APGD)
plasma-reaction system for synthesis of silver nanoparticles (AgNPs), along with the randomized run
order and the response, i.e., λmax of the localized surface plasmon resonance (LSPR) absorption band
of AgNPs: (A) the flow rate of the flowing liquid electrode solution, (B) the precursor concentration,
(C) the pectin concentration, (D) the frequency of pulse modulation of rf current, and (E) the duty cycle.

Run Order
Actual (Coded) Levels of Operating Parameters Response

λmax (nm)A (mL·min−1) B (mg·L−1) C (%(m/v)) D (Hz) E (%)

1 6.0 (+1) 350 (0) 0.25 (0) 1500 (+1) 50 (0) 401.9
2 4.5 (0) 350 (0) 0.25 (0) 500 (−1) 70 (+1) 404.0
3 3.0 (−1) 350 (0) 0.25 (0) 1500 (+1) 50 (0) 404.0
4 3.0 (−1) 350 (0) 0.25 (0) 500 (−1) 50 (0) 404.0
5 6.0 (+1) 350 (0) 0.00 (−1) 1000 (0) 50 (0) 406.1

6 a 4.5 (0) 350 (0) 0.25 (0) 1000 (0) 50 (0) 405.1
7 4.5 (0) 500 (+1) 0.00 (−1) 1000 (0) 50 (0) 402.5
8 4.5 (0) 200 (−1) 0.25 (0) 1500 (+1) 50 (0) 400.3
9 4.5 (0) 500 (+1) 0.25 (0) 500 (−1) 50 (0) 415.4
10 4.5 (0) 500 (+1) 0.50 (+1) 1000 (0) 50 (0) 411.8
11 4.5 (0) 350 (0) 0.50 (+1) 1500 (+1) 50 (0) 399.7
12 4.5 (0) 200 (−1) 0.25 (0) 500 (−1) 50 (0) 397.2
13 4.5 (0) 350 (0) 0.50 (+1) 1000 (0) 30 (−1) 394.7
14 4.5 (0) 350 (0) 0.00 (−1) 1000 (0) 30 (−1) 399.3
15 3.0 (−1) 350 (0) 0.50 (+1) 1000 (0) 50 (0) 409.0
16 6.0 (+1) 350 (0) 0.50 (+1) 1000 (0) 50 (0) 394.2
17 4.5 (0) 350 (0) 0.00 (−1) 1500 (+1) 50 (0) 400.8
18 3.0 (−1) 500 (+1) 0.25 (0) 1000 (0) 50 (0) 412.4
19 3.0 (−1) 350 (0) 0.25 (0) 1000 (0) 30 (−1) 404.0
20 4.5 (0) 350 (0) 0.50 (+1) 500 (−1) 50 (0) 401.0
21 4.5 (0) 350 (0) 0.00 (−1) 1000 (0) 70 (+1) 406.3
22 4.5 (0) 500 (+1) 0.25 (0) 1000 (0) 70 (+1) 415.9
23 6.0 (+1) 350 (0) 0.25 (0) 1000 (0) 70 (+1) 397.0
24 3.0 (−1) 350 (0) 0.25 (0) 1000 (0) 70 (+1) 403.1
25 4.5 (0) 200 (−1) 0.50 (+1) 1000 (0) 50 (0) 421.5
26 6.0 (+1) 350 (0) 0.25 (0) 500 (−1) 50 (0) 394.6
27 4.5 (0) 350 (0) 0.00 (−1) 500 (−1) 50 (0) 415.1
28 6.0 (+1) 500 (+1) 0.25 (0) 1000 (0) 50 (0) 411.4
29 4.5 (0) 350 (0) 0.25 (0) 1500 (+1) 30 (−1) 426.2
30 4.5 (0) 500 (+1) 0.25 (0) 1000 (0) 30 (−1) 407.7
31 6.0 (+1) 350 (0) 0.25 (0) 1000 (0) 30 (−1) 405.9
32 4.5 (0) 200 (−1) 0.25 (0) 1000 (0) 30 (−1) 384.3
33 3.0 (−1) 350 (0) 0.00 (−1) 1000 (0) 50 (0) 419.8

34 a 4.5 (0) 350 (0) 0.25 (0) 1000 (0) 50 (0) 397.5
35 4.5 (0) 350 (0) 0.25 (0) 500 (−1) 30 (−1) 392.5
36 4.5 (0) 200 (−1) 0.25 (0) 1000 (0) 70 (+1) 390.1
37 6.0 (+1) 200 (−1) 0.25 (0) 1000 (0) 50 (−1) 399.7

38 a 4.5 (0) 350 (0) 0.25 (0) 1000 (0) 50 (0) 395.3
39 4.5 (0) 350 (0) 0.50 (+1) 1000 (0) 70 (+1) 403.1
40 4.5 (0) 200 (−1) 0.00 (−1) 1000 (0) 50 (0) 403.5
41 4.5 (0) 500 (+1) 0.25 (0) 1500 (+1) 50 (0) 411.0
42 4.5 (0) 350 (0) 0.25 (0) 1500 (+1) 70 (+1) 406.2
43 3.0 (−1) 200 (−1) 0.25 (0) 1000 (0) 50 (0) 410.6

a Center point.

To provide a good assessment of the curvature in the system, the acquired λmax values were
modeled using a complete quadratic function, including the main and quadratic effects, and the
two-way interactions. To lower the dimensionality of the model for easier interpretation, insignificant
terms were eliminated using a forward-selection-of-terms algorithm. The suitability of the model was
evaluated using an analysis of variance (ANOVA) test, on the basis of the p-values for each of the
terms in the model as well as the values of the residual standard deviation (S) and the coefficient of
determination (R2). The model was also tested for lack-of-fit, which provided evidence of the adequacy
and efficacy of the full quadratic regression model for approximation of the response surface. In such
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a case, the respective p-value for the lack-of-fit test should ideally be high. Finally, the quality of the
model and the reliability of its assumptions were checked by examining the residuals. To do this, scatter
plots of the frequency distribution of the standardized residuals, as well as the standardized residuals
versus fitted values, were used for identifying outliers and/or non-contact variance. This provided
a good way to look for severe non-normality or heteroscedasticity (unequal variation) in residuals
in the model to ensure informed decisions about acceptance or rejection of the model. The response
surface design was planned and analyzed using the Minitab 17 statistical software package (Minitab
Ltd., Coventry, UK) for Windows 7 (32 bit).

2.4. Characterization of the AgNPs Synthesized under Defined Operating Conditions

The optical properties of the Ag nanostructures were assessed using UV/Vis absorption
spectrophotometry. The UV/Vis absorption spectra were acquired in the range from 260 to 1100 nm
with a step of 0.1 nm, using a Specord 210 Plus (Analityk Jena, Jena, Germany) double-beam
spectrophotometer. The UV/Vis absorption spectra were registered 1440 min after the pm-rf-APGD
treatment. De-ionized water was used to zero the instrument. As the recorded UV/Vis absorption
spectra were composed of more than a single band, the spectra were deconvoluted to resolve λmax of
the LSPR absorption band. The acquired UV/Vis absorption spectra were resolved using OriginPro 8
software (OriginLab Corp., Northampton, MA, USA) and were fitted by Gaussian functions, as was
done by Calabrese et al. [36].

The size distribution by number and the polydispersity index of the synthesized Ag nanostructures
(in reference to the mean hydrodynamic diameter) were estimated using a ZetaSizer Nano-ZS instrument
(Malvern Instrument, Malvern, UK) with a detection angle of 173◦. The measurements were performed
at 25 ◦C in optically homogenous polystyrene cuvettes. To reveal the surface charge of the AgNPs,
the ξ-potential was measured with this instrument as well. To assess the results for the particle size
distribution, polydispersity index, and ξ-potential, which represent the average of three measurements,
Malvern Dispersion Technology Software (version 7.11) for ZetaSizer was applied.

Next, the size and shape distributions, as well as the elemental composition and crystallographic
structure, of the AgNPs produced under the optimal operating conditions were estimated via Tecnai
G2 20 X-TWIN transmission electron microscopy (TEM) (FEI Co., Hillsboro, OR, USA) supported by
energy-dispersive X-ray spectroscopy (EDS)(FEI Co., Hillsboro, OR, USA) and selected-area electron
diffraction (SAED; AztecEnergy, Oxford Instrument, Abingdon, UK). One drop of proper solution was
put onto a Cu grid (CF 400-Cu-UL, Electron Microscopy Sciences, Hatfield, PA, USA) and evaporated
to dry under infrared (IR) irradiation (95E, Philips Lighting, Pila, Poland). The size and shape
distributions were assessed on the basis of the diameter of 60 single nanoparticles using FEI software
(version 3.2, SP6 build 421, FEI Co., Hillsboro, OR, USA).

2.5. Optical Emission Spectrometry

To identify reactive species generated in the gas phase of the pm-rf-APGD, OES measurements
were performed. A Shamrock SR-500i (Andor, Belfast, UK) spectrometer with a Newton DU-920P-OE
CCD camera (Andor, Belfast, UK) was used to resolve the radiation emitted by the pm-rf-APGD
collimated onto the entrance slit (10 μm).

2.6. Purification of AgNPs

Dialysis was applied in order to purify the AgNPs from the pm-rf-APGD-treated reaction mixture,
which also contained unreacted Ag(I) ions. The plasma-treated solution was transferred into a dialysis
tube (molecular weight cut-off = 14,000 Da; Sigma-Aldrich, Poznan, Poland) and placed into 500 mL
of de-ionized water. The dialysis was conducted for 24 h with magnetic stirring (WIGO, Pruszkow,
Poland), as was done previously [19].
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2.7. Determining the Efficiency of AgNP Synthesis

The yield of AgNPs following the pm-rf-APGD treatment was measured before and after dialysis.
The yield was estimated by flame atomic absorption spectrometry (FAAS) using a PerkinElmer 1100 B
(Waltham, MA, USA), which is a single-beam flame atomic absorption spectrometer. The FAAS
measurements were carried out after the digestion of the AgNPs in a 65% (m/m) HNO3 solution
(Avantor Performance Materials, Gliwice, Poland) at 100 ◦C for 30 min.

2.8. Cell Culture Conditions

Hs 294T melanoma cells are of a continuous cell line established from metastatic melanoma isolated
from a human lymph node. These cells were obtained from the American Type Culture Collection (ATCC
HTB-140). The cell line was cultured as monolayers in high-glucose Dulbecco’s modified eagle medium
(DMEM) culture medium supplemented with GlutaMAX-I, 10% heat-inactivated fetal bovine serum
(BioMin Biotechnologia, Getzersdorf, Austria), 100 μg·mL−1 penicillin, and 100 μg·mL−1 streptomycin
and was maintained in a cell culture incubator at 37 ◦C in 5% CO2.

2.9. Experimental Groups and Exposure Conditions

In order to evaluate the effect of AgNPs on necrosis of the Hs 294T cell line, cells were treated with
different concentrations of the reaction mixture compounds (for groups 2 and 3) or with the purified
and non-purified Ag nanostructures (1, 5, 10, 50, and 100 μg·mL−1) for 24 h. As a control, culture
medium was used for 24 h (group 1). The details of the experimental protocol are given in Table 2.

Table 2. Experimental groups used in the in vitro tests.

Serial No. Treatment/Compound

Group 1 (Gr1) Cells treated with medium alone
Group 2 (Gr2) Cells incubated with pectin at a concentration of 2500 mg·L−1

Group 3 (Gr3) Cells incubated with pulse-modulated radio-frequency
atmospheric-pressure glow discharge (pm-rf-APGD) activated water

Group 4 (Gr4) Purified silver nanoparticles (AgNPs) solution
Group 5 (Gr5) Solutions of Ag(I) ions and pectin before pm-rf-APGD treatment
Group 6 (Gr6) Solutions of Ag(I) ions before pm-rf-APGD treatment
Group 7 (Gr7) Non-purified AgNPs solution, containing unreacted Ag(I) ions

2.10. Necrotic Assay

Necrosis was measured by flow cytometry to assess the number of human cells incorporating
propidium iodide compared to control cells treated only with culture medium alone. Briefly, cells
were cultured in medium containing fetal calf serum in 48-well plates and used in the experiments
after reaching 80–90% confluence. A defined concentration of AgNPs was added to each well, and
the cells were incubated for a further 24 h. A propidium iodide solution (1 μg·mL−1) was then
added to each sample, and the dead cells were detected using flow cytometry in a FL3 mode, i.e., red
channel, λem = 620 nm. Data were analyzed using a FACSCalibur flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA). The percentage of necrotic target cells was calculated using the Flowing
Software 2 program. All values are presented as the mean ± standard error of the mean of three
independent experiments, each consisting of technical triplicates. The results were analyzed through
Student’s t-tests using GraphPad Prism 5 software. The p-values for all investigated groups were
calculated compared to the control group 1 (cells treated with medium alone).

3. Results and Discussion

3.1. Response Surface Regression Model

Nanostructures of different metals and sizes are able to absorb and reflect light of unique
wavelengths, resulting in a LSPR absorption band centered around distinct wavelengths known as
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λmax [19]. In the case of spherical AgNPs, the LSPR absorption band typically occurs within the 400 to
750 nm range [14,19], with larger-sized AgNPs resulting in a red shift in the position of the λmax values.
Therefore, to evaluate the effects of the operating parameters on the size of the synthesized AgNPs,
43 independent runs of AgNPs synthesis were performed with varying experimental conditions, and
the position of λmax of the LSPR absorption band for each sample was recorded (Table 1).

To evaluate the quality of the data, two scatter plots were prepared: (i) the range of the values of
λmax measured under a given condition versus the mean of the λmax values, and (ii) the mean value
of the λmax values versus the randomized run order. It was visually noted that the variability in the
mean response between experimental treatments of the BBD was higher than the variability in the
response within each treatment (for repeated measurements). Neither correlations nor trends in the
scatter plots were observed. Thus, it was concluded that the variability in the results was associated
with changes in the experimental conditions and that there was no need to stabilize the variance
in the response through mathematical transformation [37,38]. To obtain the response surface, the
values of λmax for the LSPR absorption band of the 43 AgNP solutions were approximated with a
full quadratic polynomial model. The response surface regression model, developed with the aid
of the forward-selection-of-terms algorithm, for the λmax values over the studied range of operating
parameters was as follows (given in uncoded units): λmax = 341.8 − 2.34A + 3.37 × 10−2B + 4.27 ×
10−2D + 1.54E − 7.16 × 10−3E2 − 7.87 × 10−4DE. The accuracy of this regression model was tested by
ANOVA and the lack-of-fit test. The results of these analyses at α = 0.25 are given in Table 3.

Table 3. Outputs of analysis of variance (ANOVA) and the lack-of-fit test for the response surface
regression model established using the forward-selection-of-terms algorithm (α to enter = 0.25) for the
pulse-modulated radio-frequency atmospheric-pressure glow discharge (pm-rf-APGD) plasma-reaction
system used for synthesis of silver nanoparticles (AgNPs) a.

Source of Data DF Adjusted SS Adjusted MS F-Value b p-Value

Model 6 988.09 164.68 2.84 0.023
Linear 4 657.69 164.42 2.84 0.038

A 1 196.70 196.70 3.39 0.074
B 1 410.06 410.06 7.08 0.012
D 1 43.23 43.23 0.75 0.393
E 1 7.70 7.70 0.13 0.718

Square 1 82.33 82.33 1.42 0.241
E2 1 82.33 82.33 1.42 0.241

Two-way interactions 1 248.06 248.06 4.28 0.046
DE 1 248.06 248.06 4.28 0.046

Error 36 2086.15 57.95 - -
Lack-of-fit 34 2033.27 59.80 2.26 0.354
Pure error 2 52.88 26.44 - -

Total 42 3074.24 - - -
a DF: Degrees of freedom. SS: Sum of squares. MS: Mean of squares. A: The flow rate of the flowing liquid electrode
solution. B: The precursor concentration. D: The frequency of pulse modulation of radio-frequency (rf) current.
E: The duty cycle. b The value of the F-test for comparing model variance with residual (error) variance.

By using an α value of 0.25, it was possible to learn more about the effects of each of the entered
factors on the response and on the terms already in the model [39,40]. The terms A (p = 0.074),
B (p = 0.012), E2 (p = 0.241) and DE (p = 0.046) were statistically significant in the model. Considering
the hierarchy of the terms, the statistically insignificant terms D and E (p > 0.25) were also included
in the model. The concentration of pectin in the flowing liquid electrode solution, that is, term C,
appeared to have no statistically significant effect on the position of the λmax value of the LSPR
absorption band of the synthesized AgNPs. The R2 value was 32.1%, which was relatively low but
acceptable, as it is a measure of how close the data fit the model and not a measure of the adequacy
of the regression model. The p-value for the lack-of-fit test was higher than 0.25 (p = 0.354) and was
therefore statistically insignificant. The S-value was also relatively low, at 7.61. Therefore, on the basis
of the mentioned statistics summarizing the regression model, it was concluded that there was no
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reason to reject the model nor evidence that it did not fit the data. To finally check the goodness-of-fit
of the regression model, the residuals were examined by plotting the following: (i) the frequency
distribution of the standardized residuals (Figure 2A), and (ii) the standardized residuals versus the
fitted values (Figure 2B). The distribution of the standardized residuals largely resembled a normal
distribution with a mean of 0.015 and a standard deviation of 1.032 (n = 43). A random pattern of the
residuals on both sides of zero was observed in the scatter plot of the standardized residuals versus the
fitted values, indicating that a correct polynomial function was used to model the response surface of
the system. Except for two outliers (points 25 and 29), no unusual structures or patterns were observed
in this scatter plot. These observations confirmed the correctness of the model and the goodness-of-fit
of the empirical data with those established by the regression.

 

Figure 2. Frequency distribution graph of the standardized residuals (A) and a scatter plot of the
standardized residuals versus the fitted values (B).

3.2. The Effects of Operating Parameters

The effects of the operating parameters included in the response surface regression model (i.e.,
A: the flow rate of the flowing liquid electrode solution; B: the precursor concentration in the flowing
liquid electrode solution; D: the frequency of pulse modulation of the rf current; and E: the duty cycle)
on the position of λmax for the LSPR absorption band of the synthesized AgNPs is shown in Figure 3.
There was an inversely linear relationship between the flow rate of the flowing liquid electrode solution
and the position of the λmax values; that is, a higher flow rate was associated with smaller AgNPs.
As the flow rate increased, each milliliter of solution was exposed to the pm-rf-APGD for less time.
Consequently, a smaller number of solvated electrons (eaq

−) was likely available for reduction of the
Ag(I) ions in the plasma-treated solution; that is, Ag+ + eaq

− = Ag0 [22–26,34]. Considering the effect of
the precursor concentration in the flowing liquid electrode solution, the lowest concentration of Ag(I)
ions seemed to be preferable for obtaining small-sized AgNPs, that is, those with the lowest λmax value
of their LSPR absorption band. This could be explained by the Finke–Watzky two-step mechanism
of nucleation and growth of AgNPs [41]. Accordingly, at higher concentrations of Ag(I) ions, faster
growth and further aggregation of AgNPs can take place as a result of the reduction of these ions on
the surface of the AgNPs. This would make existing AgNPs larger rather then produce new particles
in the solution. In addition, at higher Ag(I) concentrations, the ionic strength of the solution could
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destabilize the synthesized AgNPs [41]. Finally, increasing either the frequency of pulse modulation of
the rf current or its duty cycle led to a gradual increase in the position of the λmax value of the LSPR
absorption band. Hence, AgNPs of a greater particle size would be produced under these conditions.
Both of these parameters directly affected the width of the pulses modulating the rf current in the
on-and-off cycles and the duration of the interchanges of polarity set to the flowing liquid electrode
solution. At the lowest settings of these parameters (i.e., D: 500 Hz; E: 30%), the pulse width at a given
modulation frequency will be the shortest, while the time spent in the off state of the cycle will be the
longest. Considering that the solution was continuously replenished in the flow-through system used,
the above-mentioned conditions would have been responsible for the lowest production yield and the
smallest size of the AgNPs. Particularly, the negative polarity of the flowing liquid electrode solution
and the bombardments of the solution surface with positive ions, for example, H2O+

(g), could provide
convenient conditions for the etching of AgNPs. This is because H2O molecules are ionized under
these conditions (H2O+

(g) + H2O = 2H2O+
(aq) + eaq

−), while the resultant H2O+
(aq) ions recombine

with water molecules, leading to the formation of H3O+(aq) ions and the acidification of the solution
(H2O+

(aq) + H2O = H3O+
(aq) + OH•

(aq)) [37,38]. This would be a process competitive to the formation
of AgNPs through the reduction of the Ag(I) ions; however, it appeared that the longest off time
in the cycle was convenient for rearrangement of synthesized nanostructures, leading to improved
control over their size. The effect of the stabilizer concentration (C) was established to be statistically
insignificant. This could be due to electrostatic stabilization of AgNPs, that is, negative charging of the
surface of the AgNPs by electrons “injected” from the discharge through the plasma–liquid interface.
This explanation was also suggested by Patel et al. [42], who reported surfactant-free synthesis of
AuNPs facilitated by dc-APGD operated between a He jet (acting as a cathode) and a non-flowing
solution of AuCl4− ions (acting as an anode).

 

Figure 3. Graphical representation of the effects of the statistically significant parameters included in
the response surface regression model on the wavelength at maximum (λmax) of the localized surface
plasmon resonance (LSPR) absorption band of the synthesized silver nanoparticles (AgNPs). Graphs
demonstrate the effects of modifying variables when the operating conditions were otherwise optimal
for the production of spherical AgNPs with the lowest (A) and highest (B) λmax. A: the flow rate of
the flowing liquid electrode (FLE) solution (mL·min−1); B: the precursor concentration in the FLE
solution (mg·L−1); D: the frequency of pulse modulation of radio-frequency (rf) current (Hz); E: the
duty cycle (%).
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3.3. Validation of the Response Surface Regression Model

Graphical illustrations of the response surface regression model for the position of the λmax value
for the LSPR absorption band of the synthesized AgNPs are given in Figure 4. These are given as
contour plots of the λmax value for the following pairs of parameters at specific hold values: A–B, A–D,
A–E, B–D, B–E, and D–E. To validate the developed regression model, two opposite sets of operating
parameters were selected: condition 1, which led to the production of the smallest-size AgNPs
(A: 6.0 mL·min−1; B: 200 mg·L−1; D: 500 Hz; E: 30%), and condition 2, which led to the production of
the largest-size AgNPs (A: 3.0 mL·min−1; B: 500 mg·L−1; D: 1500 Hz; E: 30%). In both cases, pectin
was included as a stabilizer in the flowing liquid electrode solutions at a concentration of 0.25%.

Figure 4. Counter plots of the wavelength at maximum (λmax) of the localized surface plasmon
resonance (LSPR) band of silver nanoparticles (AgNPs) synthesized using the pulse-modulated
radio-frequency atmospheric-pressure glow discharge (pm-rf-APGD) system for pairs of statistically
significant parameters in the developed response surface regression model (A–B, A–D, A–E, B–D,
B–E, and D–E) at defined hold values. A: the flow rate of the flowing liquid electrode (FLE) solution
(mL·min−1); B: the precursor concentration in the FLE solution (mg·L−1); D: the frequency of pulse
modulation of rf current (Hz); E: the duty cycle (%).

According to the established regression model, the predicted value of λmax of the LSPR absorption
band for condition 1 was 383.7 nm, with a standard error of fit of 5.7 nm and a 95% confidence interval
of 372.2–395.3 nm. The pm-rf-APGD plasma-reaction system was run with the parameter settings of
condition 1, the plasma-treated solutions were collected, and the positions of the λmax value of the
LSPR absorption bands were determined (Figure 5). The mean value (n = 4) of the λmax values of the
LSPR band was 374.6 ± 3.4 nm with a 95% confidence interval of 371.1–378.0 nm. This corresponded
well with the value predicted from the response surface regression model; the absolute error was
9.1 nm, which was lower than two standard errors of fit. Considering condition 2, the fitted value
of λmax of the LSPR absorption band was 419.9 nm, with a standard error of fit of 5.7 nm and a 95%
confidence interval of 408.3–431.5 nm. The plasma-reaction system was run with the parameters of
condition 2, and the positions of the λmax values for the LSPR absorption band of the synthesized
AgNPs were determined (Figure 5). The mean (n = 4) λmax of the LSPR band was 415.8 ± 5.4 nm with
a 95% confidence interval of 410.4–421.2 nm. The absolute error between the predicted and empirical
values of λmax was just 4.1 nm, which was lower than a single standard error of fit. These tests thus
confirmed the usefulness of the developed response surface regression model for the control of the
continuous-flow, one-step production process of spherical AgNPs of a given size.
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Figure 5. UV/Vis absorption spectra of silver nanoparticles (AgNPs) synthesized with the aid of the
pulse-modulated radio-frequency atmospheric-pressure glow discharge (pm-rf-APGD) plasma-reaction
under experimental conditions providing the smallest (condition 1) and the largest (condition 2) AgNPs
according to the developed response surface regression model.

As was done in previous work [42–44], the absorbance at λmax of the LSPR bands and their
full width at half maximum (FWHM) values were recorded as measures of production yield and
particle size distribution, respectively, of the AgNPs synthesized using conditions 1 and 2. Under
condition 1, which was optimal for obtaining the smallest nanostructures, the absorbance was relatively
low (0.21 ± 0.02), which was suggestive of a rather low production yield. The FWHM of the LSPR
absorption band of these AgNPs was 106.8 ± 8.0 nm. Additionally, these AgNPs were stable for only 1
week, after which the color intensity of the solutions gradually decreased until they were colorless after
2 weeks. In the case of condition 2, which was optimal for the largest nanostructures, the measured
absorbance was fairly high (1.16 ± 0.18), which was indicative of a much higher production yield than
that using condition 1. Interestingly, the FWHM of the LSPR absorption bands for AgNPs produced
under condition 2 (103.4 ± 6.2 nm) was very similar to that observed for AgNPs produced with
condition 1. This suggested that a similar particle size distribution was achieved under both conditions,
likely as a result of the electrostatic stabilization provided by the discharge as well as the presence of
pectin. The solutions of AgNPs produced using condition 2 remained stable even 6 weeks following
plasma treatment, as the shape and absorbance of the LSPR absorption band did not change within
this time period. Considering the production yields and the stabilities of the AgNPs synthesized under
conditions 1 and 2, only the AgNPs produced under condition 2, optimal for production of the largest
nanostructures, were further characterized. According to Mie’s scattering theory [45], a single intense
LSPR absorption band, as was observed under condition 2, is expected in the UV/Vis absorption
spectrum of monodisperse, spherical AgNPs.

To finally prove that different reactive species are formed in the gas phase of the pm-rf-APGD
(as a result of alternating bombardments of the surface of the flowing liquid electrode with electrons
and positive ions) and may contribute to the reduction of Ag(I) to AgNPs in the liquid phase as well
as the formation of other species according to the reactions presented in the Section 3.2., OES was
used to acquire the emission spectra of this unique discharge system operating under condition 2.
This spectrum is provided in Figure 6 and was recorded in the spectral range from 200 to 400 nm,
in the near-liquid electrode zone. It was found that the UV region of the plasma-reaction system
was dominated by the emission bands of N2 molecules (290–380 nm), which belong to the numerous
transitions of the second positive system (C3Πu-B3Πg). Furthermore, bands of the NO γ-system
(A2Σ+-X2Π) were observed in the 200–280 nm UV region. In addition, strong bands of OH molecules
at 282.9 nm (the transition 1–1) and at 308.9 nm (the transition 0–0), which belong to the A2Σ+-X2Π
system, were excited. NH molecules, belonging to the A3Π-X3Σ system, were also present in the
spectrum, as determined by the presence of the band heads at 336.0 (the transition 0–0) and at 337.0
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(the transition 1–1). Moreover, strong atomic Ag lines at 328.07 and 338.29 nm were identified, likely
as a result of the formation of AgNPs in the liquid–plasma interfacial zone [46]. The NO and NH
molecules were presumably produced as a result of the reaction of active nitrogen (N2 and N) with
O and H radicals, respectively [47]. On the other hand, the main source of the OH radicals observed
in the emission spectrum were likely dissociative processes of water (H2O) and its ions (e.g., H2O+

and H3O+), as was figured out on the basis of [37,38]. All reactive species, that is, NO, N2, OH, O,
NH, N2

+, and H, identified in the gas phase of pm-rf-APGD may certainly give rise to the formation
of important active species in the liquid phase of the discharge that can be directly involved in the
reduction of the Ag(I) ions to AgNPs.

 

Figure 6. The optical emission spectrometry (OES) spectrum of pulse-modulated radio-frequency
atmospheric-pressure glow discharge (pm-rf-APGD) generated under optimal operating conditions in
the spectral range from 200 to 400 nm.

3.4. Characterization of Synthesized AgNPs under Optimal Operating Conditions

An aliquot of the AgNPs synthesized under condition 2 were purified by dialysis, and the
purified and non-purified AgNPs were characterized by dynamic light scattering (DLS) to determine
their average size by number, polydispersity index, and ξ-potential. The average sizes by number
of the AgNPs were 32.78 ± 17.55 and 41.62 ± 12.08 nm, for the purified and non-purified AgNPs,
respectively (Figure 6A,B). The similarity in sizes suggested that the purification process did not
significantly influence the AgNPs population.

The polydispersities of the purified and non-purified AgNPs were determined to be 0.393 ± 0.093
and 0.490 ± 0.050, respectively. The polydispersity index [48] is a measure of the width of the
size distribution. When the polydispersity index value of a colloidal suspension is higher than
0.1, the dispersion exhibits polydispersity [49]. A polydispersity index value below 0.3 is favored
for pharmaceutical AgNPs. Thus, the AgNPs synthesized by pm-rf-APGD exhibited moderate
polydispersity. The higher polydispersity value of the non-purified AgNPs was associated with
the presence of pectin, which can impact the Brownian motions and result in a higher polydispersity
value being detected. The ξ-potential of the colloidal solutions was estimated in order to predict
their stability, as it has been suggested that nanoparticles with negative or positive surface charges
can overcome the van der Waals forces and avoid aggregation. The ξ-potentials of the purified
and non-purified AgNPs were −37.8 ± 1.85 and −43.11 ± 0.96 mV, respectively. These results are
supportive of these AgNPs being highly stable, consistent with the optical results reported above.
Additionally, it is significant that the AgNPs were negatively charged, as this can increase their ability
to access tumor cells after injection into the circulatory system [50].
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The size and morphology of the non-purified AgNPs were further characterized using TEM.
It was observed that the AgNPs produced using condition 2 were approximately spherical in shape
and non-aggregated (Figure 7C,D). On the basis of the TEM measurements (Figure 7C,D), the average
size of the AgNPs was 10.38 ± 4.56 nm. It was noted that on the basis of the TEM measurements,
the AgNPs appeared to be uniform in size. The differences in the sizes of the AgNPs as measured
by DLS and TEM were expected and could be explained by the principals of these techniques [51].
In the case of DLS, the average size is based on the metallic core of the nanoparticles as well as on any
compounds connected to the core, such as a stabilizer [51], which in this case was pectin. In contrast,
size estimation as performed by TEM only considers the metallic structures [51].

SAED analysis was performed in order to determine whether the structure of the synthesized
AgNPs was crystalline or amorphous. On the basis of the SAED pattern (Figure 7E), the following
d-spacings were calculated: 2.334, 2.083, 1.452, and 1.350 Å. These d-spacing values correspond to
(110), (200), (220), and (311) Miller indices [52]. Thus, it was determined that the synthesized AgNPs
had a face-centered-cubic (fcc) crystalline structure.

EDS analysis was conducted to reveal the elemental composition of the synthesized Ag
nanostructures (Figure 7F). Peaks corresponding to metallic Ag were detected in the EDS spectrum,
confirming the formation of AgNPs. The presence of O and C was also detected, presumably because of
the presence of pectin, an organic compound that was included in the reaction mixture. The peaks located
at 8000 and 8900 keV were associated with the Cu sample grid onto which the sample was coated.

 

Figure 7. The morphology of silver nanoparticles (AgNPs) produced under optimal conditions.
The histograms of size distribution by number of (A) purified AgNPs, and (B) non-purified
AgNPs. (C,D) Representative transmission electron microscopy (TEM) micrographs of non-purified
AgNPs, (E) the selected-area electron diffraction (SAED) pattern, and (F) the energy-dispersive X-ray
spectroscopy (EDS) spectrum with prominent peaks labeled.
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3.5. Influence of the Synthesized AgNPs on Necrosis of Cancer Cells

According to the American Cancer Society, cancer of the skin is the most common type of all
cancers [53]. Melanoma skin cancer is responsible for the large majority of deaths related to skin cancer,
with approximately 10,000 people expected to die from melanoma every year in the United States [53].
One of the most common treatments of melanoma cancer involves cell transfer therapies, based on
antitumor lymphocytes and cytotoxic agents [54,55]. The cytotoxic agents might cause, for example,
anemia and generation of cellular resistance [55]. A remedy to these drawbacks may be the use of
AgNPs in the treatment of cancer. Previous studies have shown that nanoparticles in the range of
10–100 nm in size can have anticancer properties [56]. It is true that in vivo there are different types of
cells within a tumor mass; however, all of them are activated and proliferated under a low O2 level as
well as acidic pH conditions (hypoxic conditions and tumor microenvironment) [14,15]. Certainly, it is
critical to incorporate the microenvironmental characteristics into the development of physiologically
relevant in vitro models, which could provide reliable, quick, and low-cost methods for toxicity studies
of the synthesized nanoparticles. The use of cell lines in the testing of the cytotoxicity of AgNPs is
a common practice in the field. Therefore, the activity of the AgNPs synthesized in this study using
condition 2 against the human melanoma tumor cell line Hs 294T was tested (Table 2).

As shown in Figure 8, necrosis of 70–100% of the tumor cell populations was detected following
treatment with 5, 10, 50, and 100 μg·mL−1 purified or non-purified AgNPs compared to the control cell
population treated only with culture medium (p < 0.0001). The majority of the tumor cells underwent
necrosis within 24 h, with the first symptoms of tumor cell death were observable as early as 6 h
after the AgNPs’ application (data not shown). No necrosis was detected when a concentration of 1
μg·mL−1 of purified or non-purified AgNPs was used (Figure 8). Similar results were observed when
the tumor cells were treated with free Ag(I) ions as when treated with AgNPs (Figure 8). In contrast,
treatment of the tumor cells with pectin alone or with pm-rf-APGD-treated water alone had no effect
on the rate of necrosis compared to the control sample, which had a rate of necrosis of ~10% of the
cell population (Figure 8). It was reported that AgNPs had a higher inhibition efficacy in tumor lines
than in normal lines, which is due to the higher endocytic activity of tumor cells as compared to
normal cells [14]. Therefore, additional experiments were performed, in which the antitumor activity
of AgNPs against human fibroblast isolated from skin (MSU-1.1) as well as human endothelial cells
isolated from skin (HSkMEC.2) was tested in three different concentrations of AgNPs, that is, 0.01, 1,
and 5 μg·mL−1. No cytotoxic effect of AgNPs even for the highest concentration of 5 μg·mL−1 toward
any normal cells of skin origin was observed.

The IC50 (inhibitory concentration, the concentration at which half of cells are necrotic) values
were 7.8, 6.8, 4.3, and 6.6 μg·mL−1 for Gr4–Gr7, respectivly. This suggests that the melanoma cells
were more sensitive to the solutions of Ag(I) ions before pm-rf-APGD treatment (Gr6) than to the
solutions containing AgNPs. Overall, these data were consistent with the AgNPs synthesized by
pm-rf-APGD inducing necrosis in human melanoma cancer cells, suggesting they may serve as
an effective therapeutic agent for cancer treatment. The loss of cell viability following the AgNP
treatment is believed to have been mediated through the release of Ag(I) ions within the tumor
cells [57]. It is therefore not particularly surprising that treatment of the tumor cells with either
AgNPs or free Ag(I) ions led to a strong reduction in cell viability, a result observed by both us
and others [58]. The advantage of AgNP application lies in their selectivity toward tumor cells [59].
Whereas Ag(I) ions can display high toxicity to both cancerous and healthy cells, AgNPs can show
greater specificity toward tumor cells, as the more acidic nature of their cytoplasm results in an elevated
rate of Ag(I) ion release from the AgNPs relative to healthy cells [58,59]. It is important to consider
that to fully determine the biological activity of nanoparticles, the correlation between material surface
properties and cell functions must also be taken into account to eliminate undesired toxic effects of the
nanoparticles [60–63].
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Figure 8. Percentage of necrotic human melanoma Hs 294T cells. Human melanoma (Hs 294T) cancer
cells were treated with 1, 5, 10, 50, and 100 μg·mL−1 silver nanoparticles (AgNPs) or Ag(I) ions for
24 h or were treated with culture medium as a control (see Table 2 for a description of the groups).
Percentages of necrotic cells were calculated as means ± the standard error of the mean of three
independent experiments, each performed with triplicate wells for each treatment group. * p < 0.05;
*** p < 0.0001.

4. Conclusions

In summary, we have developed a simple, rapid, and versatile pm-rf-APGD-based method for
the size-defined synthesis of stable-in-time AgNPs. As a result of the continuous characteristic of the
investigated plasma-reaction system, as well as the low-cost of its utilization, this method provides
an appealing alternative to those that are presently applied for the production of high amounts of
long-term stable Ag nanostructures. We believe further development of this plasma-reaction system
could lead to a high-volume AgNPs-synthesis method. The possibility of controlling the properties of
AgNPs should allow for further applications, not only in the necrosis of human melanoma cancer cell
lines, but also, for example, in the inactivation of pathogenic bacteria.
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Abstract: Tailoring the surface properties of nanocellulose to improve the compatibility of
components in polymer nanocomposites is of great interest. In this work, dispersions of nanocellulose
in water and acetonitrile were functionalized by submerged plasmas, with the aim of increasing the
quality of this reinforcing agent in biopolymer composite materials. Both the morphology and surface
chemistry of nanocellulose were influenced by the application of a plasma torch and filamentary jet
plasma in a liquid suspension of nanocellulose. Depending on the type of plasma source and
gas mixture the surface chemistry was modified by the incorporation of oxygen and nitrogen
containing functional groups. The treatment conditions which lead to nanocellulose based polymer
nanocomposites with superior mechanical properties were identified. This work provides a new
eco-friendly method for the surface functionalization of nanocellulose directly in water suspension,
thus overcoming the disadvantages of chemical treatments.

Keywords: nanocellulose; plasma treatment; dielectric barrier discharge; submerged liquid plasma;
polymer nanocomposite

1. Introduction

Nanocellulose (NC) is a very attractive material due to its unique properties, i.e., lightweight,
strength, flexibility, biodegradability and biocompatibility, wide availability and cost efficiency of the
sources [1–3]. The increasingly severe environmental policies and the exceptional properties of NC
promote it as a valuable material for a wide range of applications. NC can be extracted from a multitude
of primary sources, such as wood, plants, algae, and sea animals (tunicates) as well as from secondary
sources or wastes resulting from the industrial processing of wood, bast fiber crops, vegetables or
fruits, etc. [3–8]. In order to obtain NC, mechanical, chemical, enzymatic processes or a combination of
the above are, generally, used. A promising approach to prepare NC is from bacterial cellulose (BC),
which is biosynthesized by some bacteria as an extracellular material [8–13]. By applying mechanical
disintegration [8,10,11] or chemical treatments (acid hydrolysis, 2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO) catalyzed oxidation) [9,12,13], BC membranes may release nanofibers.

For most applications, the surface properties of cellulose must be improved by physical or
chemical treatments. Although BC has OH groups on the surface, which may react with other groups,
it is not easy to be functionalized. This is caused by its high purity compared to plant cellulose which
undergoes multiple treatments to remove other components (lignin, hemicellulose, pectin) and its
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high crystallinity (generally over 80% [10]). For example, the morphology and arrangement of BC
nanofibers in the 3D structure of BC membranes were not changed by TEMPO oxidation [14] and a
lower rate was noticed in the TEMPO-mediated oxidation of BC compared to cellulose from other
sources [13].

Several attempts to surface functionalize BC by chemical routes have been reported [15–18].
Wet BC membranes were grafted with (3-aminopropyl)triethoxysilane (APTES) in ethanol and
showed increased hydrophobicity and antibacterial properties [15]. However, a slight decrease
of cell viability was reported for BC-g-APTES membranes with the increase of grafting yield [15].
Dried BC membranes were grafted with two organosilanes, octadecyltrichlorosilane and APTES
in hexane showing increased hydrophobicity in the first case and improved cell attachment and
spreading in the case of APTES treatment [16]. Carboxymethylated cellulose was obtained starting
from water suspension of BC, previously homogenized with a blender, which was solvent-exchanged
to isopropanol and carboxymethylated [18]. The degree of substitution was tailored by controlling the
reaction conditions.

It is worth noting that the use of chemical solvents and reagents to adjust the properties of
BC may remove some of its above-mentioned benefits and may also raise environmental issues.
Therefore, plasma treatments are more suited when food industry and biomedical applications are
foreseen. Cold plasma is now seen as an environmentally safe and more efficient technique compared
to “chemical” processing for many fields, especially for textile, food packaging, and biomedicine.

Plasma treatment of cellulose has been intensively studied for the textile and paper industry
and other fields, for different purposes like cleaning, sterilization, activation, increased hydrophilicity
or hydrophobicity [19–25]. Plasma pretreatment is very efficient for the activation of textile
surfaces [19,20]. For example, the surface of cellulose-based textiles was modified using nitrogen
plasma which ensured new active and binding sites for the attachment of silver nanoparticles [19].
Plasma and silver treated textiles showed good antibacterial activity even after 15 laundering cycles [19].
Plasma treatment with a helium/oxygen mixture was applied to grey cotton knitted fabric to remove
surface impurities [20]. The plasma treatment was efficient in cleaning the textile and enhancing the
wettability but the yellowness was not reduced probably because of the thermal oxidation. Recent study
has shown that the microwave Ar plasma conditions influenced the properties of cotton fabric in
different directions, i.e., applying maximum gas pressure and minimum power led to increased
hydrophobicity and crystallinity and a smooth surface [21]. High hydrophobicity and water repellency
of 100% cotton fabric were obtained by Ar plasma treatment followed by immersion in an ethanol
solution of oleic acid [22] or by surface treatment with helium/1,3-butadiene plasma at atmospheric
pressure [23].

Cellulose films or sheets have also been plasma treated for different purposes. For example,
films of regenerated cellulose treated by low pressure oxygen plasma showed different surface
chemistry and topography [24]. Similarly, dielectric barrier discharge (DBD) plasma treatment
of a cellulose film at atmospheric pressure using N2/NH3 (90/10) gas mixture led to surface
functionalization with amine and amide groups, which promoted cell differentiation [25].
Natural terpenes (limonene and myrcene) grafted on cellulose sheets using vacuum plasma modified
the cellulose substrate from highly hydrophilic to hydrophobic [26] and fatty acids (butyric acid
and oleic acid) grafted on unbleached and bleached kraft pulp using vacuum plasma increased
the hydrophobicity of cellulose fibers [27]. Conversely, O2 plasma treatment of bacterial cellulose
membranes led to a decrease of the effective pore area and water flux and to increased hydrophilicity,
which are important for filtration [28]. On the other hand, lyophilized bacterial cellulose sheets treated
with nitrogen plasma under vacuum showed increased porosity and enhanced adhesion of endothelial
and neuroblast cells due to the functional nitrogen groups grafted on the surface of cellulose [29].

The application of DBD plasma for the surface modification of cellulose fibers or textiles has
been extensively studied [19,30,31] but in the case of cellulose nanofibers/nanocrystals treated by
DBD, the literature is extremely scarce. Only in a recent study [32], cellulose nanofibers from water
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suspension were deposited on glass and the resulted coatings were treated by DBD plasma in helium
gas. The treatment increased the content of carbonyl and carboxyl groups on the nanocellulose coatings
and their roughness. However, the plasma treated nanocellulose obtained by this method cannot be
re-dispersed in water or other solvents due to hornification [33] and it cannot be used in dried form as
a reinforcing agent, for enhancing the properties of polymers [10].

Submerged liquid plasma (SLP) is a recent hot topic and a valuable method to obtain or modify
nanostructured materials [34,35]. So far, SLP has mainly been used as a low energy synthesis
method to produce nanostructured carbon materials. Thus, nitrogen-functionalized graphene was
produced by applying a high electric potential between graphite and Pt electrodes in acetonitrile
solvent [35]. This product showed a good dispersibility in both hydrophilic and hydrophobic solvents.
SLP treatments produce several active agents, highly reactive species, radicals, charged particles, ozone,
ultraviolet radiation, and shockwaves in the aqueous suspension [36] which may lead to the surface
functionalization of nanocellulose. It is expected that the application of cold plasma directly to the
water suspension of cellulose nanofibers is much more suited to obtain cellulose nano-reinforcements
with a modified surface for polymer composites. Besides the advantages of using plasma sources at
atmospheric pressure (without vacuum components, no chamber limitation and easy operation at low
cost), plasma treatments in liquid have the great advantage of enabling the treatment of nanoparticles
or nanofibers as suspensions in liquids.

In this work, the nanocellulose liquid suspensions were treated by using two types of non-thermal
plasma sources developed for surface treatment, which are conceptually different: (i) a filamentary
plasma jet based on dielectric barrier discharge (DBD) [37,38] and (ii) a plasma torch [39]. To the
best of our knowledge, this is the first example of the use of SLP for the surface treatment of
nanocellulose and the first time a filamentary jet discharge with dielectric barrier is used submerged
in liquid. DBD filamentary jets were previously used for polymer deposition [40] but not immersed
in the liquid where the material to be treated is dispersed. Both sources can be operated at low
radiofrequency power (around 100 W) in continuous Ar flow. These atmospheric pressure plasma
sources were previously used for the surface treatment of polymers [41], decomposition of dye
solutions [42] or functionalization of graphene suspensions [43]. These plasma sources work properly
both in open atmosphere and completely immersed in various liquid media, such as nanocellulose
water suspensions or graphene suspensions. The aim of this work was to investigate the effect of
these plasma sources in different operating conditions on the surface properties of nanocellulose
(NC) obtained by mechanical disintegration of BC membranes and designed as reinforcing agent in
biopolymers. NC surface changes were examined by Fourier transform infrared spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), and thermogravimetric analysis (TGA). Plasma treated NC
samples were tested as reinforcing agents in a biopolymer matrix, poly (3-hydroxybutyrate) (PHB).

2. Materials and Methods

2.1. Materials

Bacterial strain Gluconacetobacter Xylinus DSM 2004, purchased from Leibniz Institute DSMZ
(German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany), was used for
the biosynthesis of bacterial cellulose (BC) membranes. Acetonitrile 99% (ACN) was purchased from
Fluka (Buchs, Switzerland) and used as received. PHB type P304 with a tensile strength of 28 MPa
(ISO 527, 50 mm/min) and a Charpy impact strength of 60 kJ/m2 (ISO 179, 23 ◦C) was purchased from
Biomer (Krailling, Germany). All the other chemicals were of analytical grade and were purchased
from Sigma-Aldrich (St. Louis, MI, USA).

2.2. Production of BC Membranes; Defibrillation of BC Membranes to Obtain Nanocellulose

The culture medium used for the fermentation of Gluconacetobacter Xylinus contained 7.5%
glucose equivalents from poor quality apples extract, 2% glycerol, 0.2% ammonium sulfate, and 0.5%
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citric acid. This culture media (50 mL) was autoclaved at 121 ◦C, for 15 min and, after cooling, it was
inoculated with 10% (v/v) stock culture (Gluconacetobacter Xylinus on Schramm–Hestrin medium).
BC membranes were produced under static conditions at 30 ◦C for 14 days. After the treatment
with sodium hydroxide and sodium azide for cell lysis and reduction of microbial contamination,
the BC membranes were neutralized with 1% acetic acid and washed several times with distilled water.
NC was obtained from fresh BC membranes by mechanical defibrillation (Figure 1) using a blender
and a colloid mill, as described in [10].

Figure 1. Schematic representation of defibrillation and plasma treatment of nanocellulose.

The diluted suspension of NC in water was concentrated using a rotary evaporator (Heidolph,
Schwabach, Germany) and then plasma treated. Following this step, different treated NC suspensions
were lyophilized using a FreeZone 2.5 L (Labconco, Kansas City, MO, USA) resulting in dried
surface-treated NC.

2.3. Plasma Treatment of NC

The two types of plasma sources that were used for the surface functionalization of NC are
shown in Figure 2. The DBD plasma source with floating electrode is shown in Figure 2a whilst the
plasma torch (E) with the expanding plasma jet in contact with electrodes is presented in Figure 2b.
Both sources are capacitively coupled with a radiofrequency (RF, 13.56 MHz) power supply and may
produce an external jet of over 40 mm, depending on the operation parameters (gas flow, RF power).
Both discharges are initiated in open atmosphere and, then, the jets are completely immersed in
the water suspension for the surface functionalization of NC. The conditions used for the plasma
treatments are shown in Table 1. Both plasma sources were designed for atmospheric pressure [39,40]
and the plasma torch was previously tested completely immersed in liquid for the functionalization of
graphene [43].

A typical experiment for the surface treatment of NC consists of the ignition of a plasma operating
at atmospheric pressure in a 3000 sccm argon (Ar) flow and a power of 100 W, injecting the reactive
gases (oxygen, nitrogen or ammonia) and immersing the plasma jet in the liquid suspension (50 mL)
for 15–30 min. The concentration of NC in the liquid suspension was 1 wt %. Acetonitrile was also
introduced into the water suspension of NC, the rest of the process parameters being identical. Droplets
from the plasma treated NC suspensions were dried on silicon substrates for further investigations
(XPS, FTIR). Plasma treated NC suspensions were lyophilized to obtain dried NC with a modified
surface. Due to the characteristics of the second plasma source type, more nitrogen was used for the
surface treatment of NC and a higher RF power (Table 1, E15 and E30). Dried surface-treated NC
samples were used in small concentration (0.2 wt %) as reinforcement in PHB. The nanocomposites
were obtained in the mixing chamber of a Brabender LabStation (Duisburg, Germany) at 165 ◦C
for 10 min, rotor speed of 50 min−1. For mechanical characterization, films with the thickness of
about 200 μm were obtained by compression molding in an electrically heated press (Dr. Collin,
Ebersberg, Germany) at 175 ◦C, with 120 s of preheating (5 bar) and 75 s under pressure (100 bar).
The films were quickly cooled down in a cooling cassette.
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Figure 2. Configuration of plasma jet sources: dielectric barrier discharge (DBD) (a) and plasma
torch (E) (b).

Table 1. Conditions for dielectric barrier discharge (DBD) and plasma torch (E) plasma treatments of
nanocellulose (NC).

Samples Ar flow (sccm) Reactive Gas/Liquid RF Power (W) Treatment Time (min)

NC Ar 3000 - 100 30
NC Ar/O2 3000 O2 (5 sccm) 100 30
NC Ar/N2 3000 N2 (10 sccm) 100 30

NC Ar/N2 (E15) 2000 N2 (1500 sccm) 250 15
NC Ar/N2 (E30) 2000 N2 (1500 sccm) 250 30

NC Ar/NH3 3000 NH3 (5 sccm) 100 30
NC Ar-ACN 3000 ACN 30% in water 100 30

2.4. Characterization

Scanning electron microscopy (SEM) images of NC were obtained using a Quanta Inspect F
scanning electron microscope (FEI-Philips, Hillsboro, OR, USA)) with a field emission gun at an
accelerating voltage of 30 kV with a resolution of 1.2 nm. NC samples were directly mounted on the
adhesive tape and sputter-coated with gold for 30 s before examination. Plasma treated NC films
deposited on silicon substrates were examined by atomic force microscopy (AFM) using a Bruker
MultiMode 8 (Santa Barbara, CA, USA) in Peak Force QNM (Quantitative Nanomechanical Mapping)
mode. The images were captured using a silicon tip with the spring constant of 40 N/m and a
resonant frequency of 300 kHz at a scanning rate of 0.9 Hz. Tensor 37 spectrometer with attenuated
total reflectance (ATR) setup from Bruker Optics (Ettlingen, Germany) was used to examine the
surface chemistry changes and to record the Fourier transform infrared spectroscopy (FTIR) spectra
of the NC films deposited on silicon substrates. The spectra were collected in duplicate, at room
temperature, from 4000 to 400 cm−1. All the spectra were the average of 16 scans at a spectral
resolution of 4 cm–1. The NC treated under different experimental conditions, deposited on silicon
substrates was also analyzed by X-ray photoelectron spectroscopy (XPS) using a ESCALAB™ XI+
spectrometer (Thermo Scientific, Waltham, MA, USA) with a monochromatic Al Kα source at 1486.6 eV.
The XPS spectra were recorded as survey spectra with the pass energy of 100 eV (for 10 scans)
and the high-resolution scans in the C1s, O1s and N1s regions, with the pass energy of 20 eV and
resolution 0.1 eV (for 20 scans). Thermogravimetric analysis (TGA) of both plasma treated NC and
nanocomposites was performed on a TA-Q5000 V3.13 (TA Instruments Inc., New Castle, DE, USA)
using nitrogen as the purge gas at a flow rate of 40 mL/min. A heating cycle from 25 ◦C to 700 ◦C
at a heating rate of 10 ◦C/min was applied. The experimental error was less than ±0.5 ◦C for
all the characteristic temperatures. Tensile properties of PHB/NC nanocomposites were measured
according to ISO 527, at room temperature, on five specimens for each nanocomposite, using an Instron
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3382 universal testing machine (Instron Corporation, Norwood, MA, USA) and a crosshead speed of
2 mm/min.

3. Results and Discussion

3.1. NC Morphology before and after Plasma Treatments

The nanometric dimensions of cellulose fibers obtained by the disintegration of BC pellicles
provide a high surface area for plasma treatment. Indeed, in the SEM image of dried NC (Figure 3) it is
shown that BC pellicles were disintegrated resulting in a sparse network of cellulose nanofibers with
thickness between 40 and 100 nm.

 

Figure 3. Scanning electron microscopy (SEM) image of nanocellulose (NC) from defibrillated
membranes showing a sparse network of nanofibers.

NC films deposited on silicon substrates were examined by AFM before and after the plasma
treatments (Figure 4).

 

Figure 4. Atomic force microscopy (AFM) images (peakforce error) of untreated (a) and plasma treated
NC: Ar (b); Ar/O2 (c); Ar/N2 (d); Ar/N2 (E30) (e); Ar/NH3 (f); Ar-ACN (g); Regions of interest
showing small-length nanofibers agglomerations are framed in squares.

Both individual nanofibers and fibers bundles were noticed in the AFM images on the surface of all
the films, regardless of the treatment, but with different surface morphologies and arrangement of the
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nanofibers. For example, more small-length nanofibers were observed after plasma treatments which
allow a more dense arrangement. These nanofibers were noticed as heaps containing agglomerations
of small fibers on the surface of the films and they were framed with squares in Figure 4. More such
regions of interest were noted on the surface of Ar treated NC and NC Ar-ACN samples, suggesting a
more efficient treatment. This may be due to the plasma treatments, which led to the detachment of
nanofibers from the network and their breaking. Similarly, mechanical treatments, acid hydrolysis or
ultrasonic treatments led to the decrease in cellulose fiber size [44,45].

More information can be extracted from the higher magnification AFM images shown in Figure 5.
Before plasma treatment, the NC mostly appears as individual tapes longer than 1 μm, and with a
smooth surface. After Ar treatment, both individual twisted tapes and small size fragmented fibers
were noticed. Such fragments, similar to nanoparticles, were observed in the bottom right corner
of Figure 5b. Ar/O2, Ar/N2, Ar/N2 (E30), and Ar/NH3 treatments led to more agglomerated and
fragmented NC tapes compared to Ar treatment. The smallest fibers in this series were observed after
DBD plasma treatment with Ar/NH3 and torch plasma in Ar/N2 (Figure 5e,f). However, Ar-ACN
treatment was the most efficient in lowering the size of NC and mostly NC particles and fragmented
tapes were observed on the surface of this film (Figure 5g).

For a quantitative analysis, the root mean square roughness (RRMS) of the NC films surface was
measured with the NanoScope software. Three different locations of square shape (3 × 3 μm) were
analyzed for each sample and the RRMS was an average of these values. The RRMS of the NC Ar/N2
(E30) and NC Ar surfaces was 58 ± 3 nm and 48 ± 4 nm, respectively, lower than that of the other films
which varied from 70 ± 3 (for the reference) to 78 ± 4 for NC Ar/N2 and NC Ar/O2. This suggests a
more compact arrangement of the fibers on the surface of the first samples.

Figure 5. AFM topographic images of untreated (a) and plasma treated NC: Ar (b); Ar/O2 (c); Ar/N2

(d); Ar/N2 (E30) (e); Ar/NH3 (f); Ar-ACN (g).

Morphological investigation on the surface of plasma treated NC deposited as films on silicon
substrates emphasize the different effects of plasma treatments depending on the type of the source
(DBD plasma jet or torch), the reactivity of the gas (Ar, N2, O2, NH3) or the liquid (water or ACN).

3.2. Thermal Analysis of NC before and after the Treatments

Thermal analysis may give valuable information on the structural changes of NC after plasma
treatments due to the fact that these changes are reflected in a different thermal behavior. The different
conditions of plasma treatment influenced the thermal behavior of NC as shown in Figure 6a,b.
The temperature at the maximum degradation rate (Tmax), the onset degradation temperature (Ton),
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and the temperature at 10% weight loss (T10%) as well as the residue at 700 ◦C (R) and the residue after
the first decomposition step (RI) are summarized in Table 2.

Table 2. Thermogravimetric analysis (TGA) results for plasma treated NC.

Samples T10% (◦C) Ton (◦C) Tmax (◦C) RI (%) T’max (◦C) R (%)

NC 244.0 284.1 332.1 - - 10.6
NC Ar 278.6 310.2 350.3 - - 5.5

NC Ar/O2 228.5 261.0 309.0 22.5 436.9 7.6
NC Ar/N2 261.4 294.3 350.1 - - 8.1

NC Ar/N2 (E15) 250.4 290.2 343.6 23.8 474.5 4.1
NC Ar/N2 (E30) 241.9 282.6 340.2 31.8 486.4 6.5

NC Ar/NH3 237.3 268.4 323.6 20.4 436.6 6.9
NC Ar-ACN 241.2 289.0 333.8 - - 8.3

° ° ° °

Figure 6. Thermogravimetric analysis (TGA) spectra (a) and derivative thermogravimetric (DTG)
overlapped curves (b) of plasma treated NC.

Pristine NC and DBD plasma treated NC with Ar (in water or water–ACN) and with Ar/N2

gases showed only a one-step degradation process and a Tmax at 330–350 ◦C. This peak (Figure 6b) is
commonly attributed to the dehydration and depolymerization of the cyclic structures of cellulose [46].
DBD plasma treatment using more reactive gases (O2 or NH3 in Ar) and the treatment in Ar/N2 mixture
using plasma torch and harsher conditions, characteristic of this plasma source, led to a two-step
degradation pattern. The different degradation processes highlighted by TGA correspond to different
structures. A good correlation between TGA results and cross-linking was previously reported [47].
Cellulose cross-linked with epichlorohydrin at variable levels showed the main decomposition events
at different temperatures depended on the cross-linking degree, the higher temperature events being
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attributed to covalent bond cleavage of the polymer network. Thus, it may be presumed that the
second degradation process around 437 ◦C in the case of NC Ar/O2 and NC Ar/NH3 or around
475 ◦C and 486 ◦C, for NC Ar/N2 (E15) and NC Ar/N2 (E30), respectively, may be assigned to the
cross-linked cellulose. Hydroxyl radicals, electrons, and ions were formed during these treatments
which may break the cyclic structures and favor the cross-linking reactions.

The concentration of the cross-linked polymer may be roughly estimated from the residue after
the first decomposition step, 20%–23% for 30 min of DBD plasma exposure and 24% or 32% when
plasma torch was used for 15 or 30 min. This means that the changes induced by the treatments depend
both on the type of the source and time of exposure. A small shoulder occurred only for unmodified
NC, at about 225 ◦C; it is usually associated with the release of water or other low molecular weight
fractions from defibrillated BC [48]. No shoulder was detected in this temperature range for NC after
plasma treatment. This may lead to the conclusion that the treatment with filamentary plasma jet and
plasma torch in Ar or gas mixtures was able to remove the bond water and low molecular weight
impurities from NC. In addition to removing water, the plasma torch treatment may cause some
chemical changes which led to the release of a small concentration (6%–7%) of low molecular weight
fractions around 240 ◦C.

The DBD plasma treatment in Ar and Ar/N2 mixture significantly increased the Ton value of NC,
with 35 ◦C and 17 ◦C, respectively. An increase of the characteristic temperatures was also observed in
the case of plasma torch for NC Ar/N2 (E15) (Table 2). The higher thermal stability may be caused
by the removal of less thermally stable components, including low molecular weight fractions and
impurities. The release of water and slight cross-linking may also be caused by the milder conditions of
the filamentary plasma treatment and the plasma torch for small duration. A slight increase of Ton with
3 ◦C was reported for Quiscal fibers after atmospheric DBD plasma treatment [31]. An increase of the
decomposition temperature with about 20 ◦C was also observed for jute fibers treated with Ar plasma
under vacuum [49]. However, natural fibers like Quiscal or jute fibers contain hemicelluloses and
lignin in a high proportion which greatly influence the thermal stability during the plasma treatment.
Generally, the literature regarding the influence of plasma treatment on the thermal stability of cellulose
is rather scarce and no information regarding nanocellulose is available.

No significant change in Ton and Tmax values was noticed for NC Ar-ACN and NC Ar/N2 (E30)
plasma treatments compared to untreated nanocellulose, however a decrease of the characteristic
temperatures was obvious for the plasma treatment with more reactive gases, O2 or NH3 in Ar (Table 2).
Although used in small amount in the Ar flow, NH3 and, especially, O2 decrease the Ton with 16 ◦C
and 24 ◦C, respectively. A slight decrease of the thermal stability was observed for vacuum plasma
treated Arundo fibers exposed to a plasma power of 150 W for 120 s [50]. In contrast, a decrease of the
final degradation temperature with 107 ◦C was observed for air plasma treated gray linen compared
to the untreated sample [51]. Again, the non-cellulosic components of natural fibers have definitely
influenced the thermal stability. It is worth mentioning that all the treatments led to a lower residue,
which highlights the efficiency of these treatments in cleaning the nanocellulose from low molecular
weight impurities.

3.3. Surface Analysis by ATR-FTIR

The FTIR spectra of NC before and after plasma treatments are shown in Figure 7a.
For comparison, all FTIR spectra were normalized using the C−H stretching vibration from
2897 cm−1 [52]. Regarding the crystalline structure, NC is a mixture of Iα and Iβ allomorphs with
Iα the predominant crystal form [10] since it was obtained from BC by mechanical disintegration.
The presence of the two allomorphs was detected in all the samples, untreated and plasma treated,
at 750 cm−1 (assigned to the contribution of cellulose Iα) and at 710 cm−1 (corresponding to cellulose
Iβ) [10,53]. No significant change in the intensity ratio and position of the bands corresponding to
the two allomorphs was observed after the plasma treatments, regardless of the source or conditions
(Figure 5b); this shows that the crystalline phase in NC is resistant to the plasma attack.
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The O–H groups in cellulose are hydrogen bonded and the overlap of several O–H stretching
modes leads to a broad peak as that observed in Figure 7, between 3000 and 3600 cm−1. The most
important vibrations were noticed at about 3242 cm−1 for cellulose Iα and were assigned to intra-chain
hydrogen-bonded 2OH [54] and between 3300 and 3350 cm−1 for coupled vibrations corresponding
to inter and intra-chain hydrogen bonded 2OH, 3OH, and 6OH groups [54]. The OH peak position
is shifted to a lower wavenumber because of hydrogen bonding [54,55]. The assignment of OH
absorption bands is complicated by the contribution from N–H stretching vibrations in amide groups,
knowing that BC may contain a small amount of proteins. The main peak shifted from about 3340 cm−1

for NC and NC Ar, to 3343 cm−1 for NC Ar/O2 and NC Ar-ACN, to 3342 cm−1 for NC Ar/N2 and
NC Ar/NH3 and to 3341 cm−1 for NC Ar/N2 (E30). This slight shift to higher wavenumber is an
indication of the decrease of hydrogen bonding due to cross-linking or participation of OH in other
bonds [54,56] and, possibly, due to the presence of N–H vibration from newly created bonds [57].

Figure 7. Fourier transform infrared spectroscopy (FTIR) spectra of untreated and plasma treated
NC (a); zoomed-in regions (775–675 cm−1) (b) and (1750–1500 cm−1) (c) of the same spectra.

The FTIR spectra in the range from 1500 to 1750 cm−1 show important differences (Figure 7c).
This is a region where several vibrations overlap. For example, H–O–H bending absorption [58] and
C=O stretching vibration in amide I [59] are assigned at 1635–1650 cm−1, N–H and C–N vibrations
in amide II at about 1550 cm−1 [59,60], aliphatic and aromatic C=C stretching and C=N stretching
vibrations in the range 1600–1660 cm−1 [61–63]. It is worth mentioning that the peak at 1647–1648 cm−1

in pristine NC and plasma treated NC with Ar, Ar/N2 and Ar/O2 is shifted to a higher wavenumber
in the case of Ar/NH3 (1651 cm−1) and Ar-ACN (1658 cm−1) treatments. This may be due to the
formation of new C=O or C=C bonds in the case of the last two treatments. In addition to the peak at
1648 cm−1, the NC treated with plasma torch (E30) shows a wide shoulder stretching from 1660 to
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1700 cm−1, with a local peak at about 1665 cm−1. This shoulder may be assigned to C=O stretching
vibration and C=N stretching in imines and oximes [63].

The shoulder at 1550 cm−1 which is generally associated with N–H and C–N vibrations in amide
II [59,60] is hardly visible for pristine NC, because of the low content in amide from the protein residues
of the bacterial cells, but in the case of Ar/N2 and Ar/NH3 treatments this is obvious. Likewise, a wide
shoulder is observed in the range from 1500 to 1600 cm−1 in the case of Ar, Ar/O2 and, especially,
Ar-ACN plasma treated samples (Figure 7c). Considering the shift of the main peak and the new
shoulders which appear after plasma treatments it may be concluded that both DBD and torch plasma
sources led to nitrogen containing groups on the surface of NC. However, the assignment of vibration
modes is difficult because of the overlapping of vibrations and XPS analysis was undertaken to obtain
more information on the type of nitrogen containing bonds on the surface of cellulose.

3.4. Surface Analysis by XPS

The surface chemistry of pristine NC and submerged plasma treated samples were investigated
by XPS. Carbon, oxygen, and small amount of nitrogen were identified in the general XPS spectra.
The relative atomic concentration of elements and oxygen/carbon and nitrogen/carbon ratio are
presented in Table 3.

From the survey spectra, one can see the tendency of NC oxidation after plasma treatment.
Regarding oxidation efficiency, DBD filamentary jet in pure Ar is more efficient (O/C = 0.57) compared
with similar treatments performed in Ar/O2, Ar/N2, and Ar/NH3 mixtures (O/C lower than 0.55),
but DBE treatments produce by far the highest oxidation; the O/C ratio increased from an initial
0.55 value to 0.61 after 15 min and 0.63 after 30 min of DBE treatment. Concerning N incorporation,
the highest N/C ratio was observed for the Ar-ACN treatment with the DBD source.

Table 3. Relative atomic concentrations of carbon, oxygen, and nitrogen.

Samples C1s (%) O1s (%) N1s (%) O/C N/C

NC 63.8 35.0 1.2 0.55 0.02
NC Ar 62.9 36.2 0.9 0.57 0.01

NC Ar/O2 63.5 35.1 1.4 0.55 0.02
NC Ar/N2 64.6 33.9 1.5 0.52 0.02

NC Ar/N2 (E15) 61.4 37.5 1.1 0.61 0.02
NC Ar/N2 (E30) 61.0 38.2 0.8 0.63 0.01

NC Ar/NH3 65.4 33.2 1.4 0.51 0.02
NC Ar-ACN 63.2 34.4 2.4 0.54 0.04

The presence of nitrogen in untreated NC comes from the biosynthesis and is caused by the
proteins from cell debris. Slight change of N 1s% between samples was observed, with a clear increase
of nitrogen content in the case of filamentary plasma in Ar submerged in ACN.

In order to evaluate the elemental bonding states at the samples surface, high resolution spectra
were measured for C1s, O1s, and N1s regions. Each C1s spectrum (Figure 8) was deconvoluted in four
components which were assigned according to the binding energy to: (i) C–C and C–H bonds for C1s
at about 284.6 ± 0.1 eV (C1), (ii) single bonded C in C–O (ether, hydroxyl) or C–N at 286.3 ± 0.1 eV
(C2), (iii) double bonded C in C=O (carbonyl) or O–C–O (acetal) at about 287.9 ± 0.1 eV (C3), O–C=O
(carboxyl or ester) at 289.5 ± 0.1 eV (C4). Similarly, the O1s regions contain three sub-peaks centered
on the binding energy of 531.0 ± 0.1 eV (O1: O=C in carbonyl and ketone), 532.9 ± 0.1 eV (O2: single
bonded O, in hydroxyl or epoxy), and 534.9 ± 0.1 eV (O3: attributed to carboxyl or ester groups).
The percentage of each component, with respect to the C1s and O1s peak areas, are presented in
Table 4.
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Figure 8. High resolution spectra of C1s region with deconvolution (different colored C1–C4
components) for pristine NC (a) and plasma treated NC: NC-Ar (b); NC Ar/O2 (c); NC Ar/N2 (d);
NC Ar/N2 (E15) (e); NC Ar/N2 (E30) (f); NC Ar/NH3 (g), and NC Ar-ACN (h).

Table 4. Percentage of components from the total amount of carbon C1s and O1s.

Samples C1s Components O1s Components

C1 (%) C2 (%) C3 (%) C4 (%) O1 (%) O2 (%) O3 (%)

NC 19.7 55.3 20.7 4.2 2.9 87.5 9.6
NC Ar 17.9 53.2 23.5 5.4 3.1 85.2 11.7

NC Ar/O2 20.2 56.8 20.1 2.9 3.1 88.9 8.1
NC Ar/N2 23.1 49.4 23.6 4.0 4.0 85.0 11.0

NC Ar/N2 (E15) 12.5 66.9 19.7 0.8 2.2 96.1 1.7
NC Ar/N2 (E30) 12.1 66.9 20.3 0.7 1.9 96.4 1.8

NC Ar/NH3 24.9 54.5 17.6 2.9 3.6 88.0 8.4
NC Ar-ACN 18.3 53.6 22.6 5.6 3.4 82.7 13.9

In the C1s region, the predominant peaks correspond to C–O (C2 sub-peak). The percentage of C2
components varies between 49.4% and 66.9%, depending on the treatment. From the high-resolution
spectra in the carbon region one can observe that all the treatments induced changes and reorganization
of chemical groups on the NC surface. The filamentary DBD treatments mostly led to diminished C2
component, while plasma torch to increased C2 component with respect to pristine NC.

Regarding the C1 component, i.e., assigned to low molecular weight fractions and impurities,
one can observe a reduction of C–C/C–H bonds (cleaning of NC) by the Ar plasma and, especially,
torch treatments. In addition to NC cleaning process, torch treatments (E15 and 30 samples) also led to
the decrease of C3 and C4 components and, therefore, the increase of C–O bonds at the expense of
C–C/C–H (C1) and O–C=O (C4) bonds was noticed. It is likely that the contaminant carbon, rich in
alkyl and carboxyl groups, was removed by plasma torch treatments. Still, an increase of the C4
component was observed in the case of Ar and Ar-ACN DBD treatments, possibly due to a higher
affinity to water molecules and oxidation. This fact was also confirmed in the O1s region.

Regarding the concentration of O1, O2, and O3 components (see Table 4) one can observe that the
majority of oxygen (O2 peak) is distributed in relation to C2 component and only few percentages in
combination to C1 and C3. The results confirm the purification of NC after torch treatments where O2
component reaches a maximum of 96.1%–96.4%.

From the N1s region (Figure 9), it is seen that the untreated NC presents two types of nitrogen
bonds, with binding energies at 401.8 eV (N1) and 399.9 eV (N2).
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Figure 9. High resolution N1s spectra with deconvolution (different colored N1–N4 components) of
pristine NC (a); NC Ar/N2 (E30) (b); NC Ar/NH3 (c), and NC Ar-ACN sample (d).

The N1 (15.8%) and N2 (84.2%) peaks on NC are associated to: protonated amines or lactam [64]
and to amides, alkylamides or amines, respectively [65,66]. We observed that all treated samples
keep the native nitrogen, with a slight variation of the total percentage. In addition, the introduction
of new nitrogen bond types was noticed. Compared to pristine NC, the torch treatment in N2 for
30 min and the DBD in NH3 and ACN produced the largest changes. New peaks occurred after these
treatments leading to changes of the percentage of bonds; the treatment in acetonitrile modified the
percentage of N1 (8.4%) and N2 (71.6%) components, by introducing new nitrogen containing bonds
at about 398 eV, with a relative concentration of 20%, assigned to the iminic group [67] (component
N3). Another additional peak was observed after nitrogen treatment by torch (E30), at around 396.5 eV,
assigned to the pyridinic C=N [68] (component N4). The concentration of N1, N2, N3, and N4
components for samples (E30) were 11%, 16.1%, 59.2%, and 13.7%, respectively. Ammonia plasma
even increase the content of amine groups N2 (89.8%) at the expense of N1 component (10.2%) with
respect to untreated NC. Therefore, the source type and the gas mixture as well as the liquid medium
influenced the functionalization of the nanocellulose surface.

3.5. Effect of Plasma Treated NC on PHB Properties

The analysis of submerged liquid plasma treated NC samples by FTIR, XPS, and TGA showed
that nanocellulose was surface functionalized by oxidation and bonding of nitrogen containing groups.
The effect of these functionalized NC samples on the thermal stability and mechanical properties of a
biopolymer with high expectations for biomedicine (i.e., PHB) was also studied. To differentiate the
effect of each NC surface modification, a low concentration (0.2 wt %) of submerged liquid plasma
functionalized NC was used in the melt compounded PHB nanocomposites. The thermal degradation
of PHB nanocomposite containing pristine NC is a two-step process (Figure 10a,b), with a small
shoulder at 215–220 ◦C, characteristic to the decomposition of NC and a main degradation step at
about 282 ◦C, characteristic of PHB.

PHB containing plasma functionalized NC showed similar thermal behavior compared to that
of PHB-NC. Similar Ton and Tmax values for the nanocomposites with NC, NC Ar/N2 (E30) and
NC Ar-ACN are shown in Table 5. Slightly lower values were obtained for the rest of the samples.
However, the shift of the characteristic temperatures was less than 9 ◦C. The efficiency of a reinforcing
fiber is decisively influenced by the fiber–polymer interface, a good interface adhesion leading to
a better stress transfer from the polymer to the fiber and to a higher strength [69]. The mechanical
properties of PHB nanocomposites were measured in tensile mode (Table 5). Although used in a small
amount in PHB, plasma functionalized NC induced an increase of the tensile strength, with 10%–15%,
compared to the nanocomposite with the same amount of pristine NC. This shows the enhancement of
the adhesion between PHB and surface treated NC probably because of the new functionalities on the
fiber surface induced by plasma treatments and emphasized by FTIR and XPS.
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Figure 10. TGA (a) and DTG (b) curves for poly (3-hydroxybutyrate) (PHB) nanocomposites containing
plasma functionalized NC.

Table 5. Thermal (Ton and Tmax) and mechanical characteristics (tensile strength and Young’s modulus)
of PHB-NC nanocomposites.

Nanocomposites Tensile Strength (MPa) Young’s Modulus (MPa) Ton (◦C) Tmax (◦C)

PHB-NC 26.0 ± 1.4 1324 ± 62 269.0 281.9
PHB-NC Ar 29.5 ± 0.7 1358 ± 49 262.2 276.0

PHB-NC Ar/O2 29.0 ± 1.1 1387 ± 59 263.6 277.2
PHB-NC Ar/N2 28.5 ± 0.6 1395 ± 30 260.2 273.8

PHB-NC Ar/N2 (E15) 29.1 ± 0.5 1307 ± 41 265.5 279.5
PHB-NC Ar/N2 (E30) 29.8 ± 0.5 1309 ± 55 268.9 282.5

PHB-NC Ar/NH3 29.2 ± 0.9 1402 ± 55 260.8 273.0
PHB-NC Ar-ACN 30.6 ± 0.3 1408 ± 22 269.1 281.9

The Young’s modulus is measured using the stress and strain values in the elastic region,
where the deformation is small and, therefore, it is less influenced by the adhesion at the fiber–
polymer interface [70]. The values of Young’s modulus in Table 5 also show smaller influence of
the different treatments compared to the tensile strength. The cumulative analysis of thermal and
mechanical behaviors shows that Ar treatment of NC in ACN-water suspension has the best influence
on the properties of PHB, an increase of the tensile strength with 18%, a slight increase (6%) of Young’s
modulus and good thermal stability, similar to that of PHB and PHB-NC. It is worth mentioning
that there is a good correlation between these results and the structural analyses (FTIR and XPS) and
morphological investigation of the Ar-ACN treated NC.
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4. Conclusions

This study demonstrated that the application of a plasma torch and filamentary jet plasma
modified the morphology and surface chemistry of nanocellulose fibers dispersed in a liquid phase.
The plasmas were operated in Ar or mixtures of Ar with O2, N2, NH3, while the liquid was water or
ACN in water. The treatment with filamentary plasma jet and plasma torch in Ar or gas mixtures was
able to remove the bond water and low molecular weight impurities from NC. All the treatments led
to a lower residue, which highlights the efficiency of these treatments in cleaning the nanocellulose.
Individual small length nanofibers in higher proportion were formed after the plasma treatments
which may favor a more homogeneous dispersion in nanocomposites. However, the intensity of this
effect was different depending on the type of the source and gas mixture. FTIR and XPS measurements
showed that both oxygen and nitrogen functional groups were formed on the surface of NC depending
upon conditions. The functionalization with oxygen moieties was more effective in the case of the
plasma torch system in water and the functionalization with nitrogen moieties was most effective
using the filamentary jet in ACN media. Both functionalization types can promote the adhesion of
components in nanocomposites. Indeed, small proportion of plasma functionalized NC using the
filamentary jet led to 10%–15% increase of the tensile strength, compared to the nanocomposite with
the same amount of untreated NC. This work provides a new eco-friendly method for the surface
functionalization of nanocellulose directly in its water suspension which overcomes the disadvantages
of polluting, time consuming, and complex chemical treatments.
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Abstract: Poly(vinylpyrrolidone)-stabilized Pt nanoparticles (PVP-PtNPs) were produced in a
continuous-flow reaction-discharge system by application of direct current atmospheric pressure glow
discharge (dc-APGD) operated between the surface of a flowing liquid anode (FLA) and a pin-type
tungsten cathode. Synthesized PVP-PtNPs exhibited absorption across the entire UV/Vis region.
The morphology and elemental composition of PVP-PtNPs were determined with transmission
electron microscopy (TEM) and energy dispersive X-ray scattering (EDX), respectively. As assessed
by TEM, PVP-PtNPs were approximately spherical in shape, with an average size of 2.9 ± 0.6 nm.
EDX proved the presence of Pt, C, and O. Dynamic light scattering (DLS) and attenuated total
reflectance Fourier transform-infrared spectroscopy (ATR FT-IR) confirmed PtNPs functionalization
with PVP. As determined by DLS, the average size of PtNPs stabilized by PVP was 111.4 ± 22.6 nm.
A fluid containing resultant PVP-PtNPs was used as a heat conductive layer for a spiral radiator
managing heat generated by a simulated internal combustion chamber. As compared to water, the
use of PVP-PtNPs enhanced efficiency of the system, increasing the rate of heat transfer by 80% and
30% during heating and cooling, respectively.

Keywords: direct current atmospheric pressure glow discharge; heat transfer; nanostructures;
plasma–liquid interactions; stabilizer

1. Introduction

Plasma is one of the four states of matter [1]. Due to the unique properties of atmospheric pressure
plasmas (APPs), for example, their highly non-equilibrium state, this type of plasma has been used
in many fields of science. These applications include, for example, treatment of skin diseases or
tissue engineering in biomedicine [2–4], detection of elements in analytical chemistry [5], activation of
seeds to stimulate plant growth in agriculture [6], decomposition of diluted organic compounds
in air in environmental protection [7], and fabrication of nanomaterials in nanotechnology and
material engineering [1,8,9]. One area of application in material engineering is synthesis of inorganic
nanoparticles (NPs), such as platinum nanoparticles (PtNPs), which display special physicochemical,
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thermal, and catalytic properties [10]. PtNPs are widely utilized as catalysts in numerous chemical
reactions, such as conversion of hydrocarbons [11] and oxygen reduction reactions [12].

Application of APP-mediated methods for production of PtNPs has numerous advantages. These
methods rely on generation of reactive oxygen and nitrogen species (RONS), solvated electrons, as well
as UV radiation and heat. All these factors facilitate formation of NPs through reduction of metallic
precursor compounds, eliminating the need for additional reducing agents, such as hydrazine [13] or
sodium borohydrate [14]. To the best of our knowledge, only a few research groups have attempted to
synthesize PtNPs by APP [15–20]. Koo et al. [15] and Shim et al. [16] produced Pt nanostructures using
atmospheric pressure alternating current (ac) H2/He discharge generated in contact with a solution
of H2PtCl6. Synthesized PtNPs exhibited an average size of 2 nm and 3–5 nm, respectively [15,16].
Hu et al. [17] synthesized carbon-supported PtNPs by plasma sputtering in water. Similar to PtNPs
obtained by Koo et al. [15], PtNPs produced by Hu et al. [17] were 2 nm in size. Comparable results were
obtained by Sato et al. [18], who produced PtNPs of 3–10 nm in size by applying microwave-induced
plasma generated in liquid. Ichin et al. [19] reported deposition of PtNPs on carbon nanoballs in an
aqueous solution of H2PtCl6 using poly(vinylpyrrolidone) (PVP) or sodium dodecyl sulfate (SDS)
as protection agents. The size of PtNPs produced with the aid of PVP and SDS were, on average,
17.5 and 23.0 nm, respectively. Finally, Dao et al. [20] applied radio frequency (rf) atmospheric
pressure discharge operated in Ar for production of nanomaterials for flexible dye-sensitized solar
cells. Designed nanomaterials consisted of 2–3 nm PtNPs synthesized by a two-step protocol. In the
first step, the PtNPs precursor was partially reduced by alcoholic reduction to Pt atoms, following
which the reduction process was completed with the aid of APP [20].

The main limitation of all abovementioned reaction-discharge systems used for production of
PtNPs is that they worked in a non-continuous-flow mode. To increase the rate of production of metallic
nanostructures, our group has developed continuous-flow reaction-discharge systems. These systems
relied on either direct current atmospheric pressure glow discharge (dc-APGD) or pulse-modulated
radio frequency atmospheric pressure glow discharge (pm-rf-APGD) as APP sources. Both types of
APP were operated between the surface of solutions of flowing liquid electrodes and pin-type tungsten
electrodes [8,9,21–23].

A necessary consideration in synthesis of NPs is to ensure that they are highly stable in the
dispersing medium. Aggregation, agglomeration, and coalescence are inconvenient processes that
commonly result from short interparticle distances between NPs, leading them to attract each other
through van der Waals interactions [24]. To prevent these phenomena, repulsive forces in the colloidal
phase are necessary to counter van der Waals interactions and increase the stability of isolated NPs [24].
This can be accomplished through selection of a proper capping agent.

Successfully stabilized PtNPs can be used as nanofluids (NFs) for improved transfer of energy in
heat management systems (HMSs) [25,26]. HMSs are applied in internal combustion engines, where
combustion chambers must operate at extremely high temperatures, reaching 2500 K [27], which result
in the oxidation and degradation of the materials used in engines [28]. HMSs can help protect engines
by dissipating all waste heat, or by recovering it by transformation into yet another form of energy.

The most popular HMS, used for cooling internal combustion chambers, involves application
of a cooling liquid that circulates between header tanks and a radiator [29]. Performance of this type
of HMS is achieved by passing the cooling liquid through the combustion chamber block and a set
of narrow channels, where it is air-cooled. To increase efficiency of this system, the surface of heat
exchange has to be increased; however, this approach is limited because the radiator has to be compact.
An alternative route is to apply water-based cooling liquids of improved heat transfer, including
NFs [30,31]. For instance, Al2O3 or CuNPs might facilitate cooling of the internal combustion block
by increasing waste heat transfer from 45% to 80%, as compared to water [29,32]. This increased
heat transfer efficiency results in increased combustion efficiency and decreased fuel consumption.
However, the volume of NF-based cooling liquid required to manage heat of internal combustion
engines often exceeds 5 L, while the volume needed to manage heat of internal combustion chambers
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in power plants can be counted in tens of thousands of liters. This may raise serious problems related
to the large scale of such systems and their proper sealing that can prevent potential emission of
NPs to the environment. For this reason, a suitable HMS should be characterized by great efficiency
and a limited concentration of NPs present in cooling liquid. The answer to these problems may be
application of NFs containing NPs of noble metals, because they are extremely effective heat conductors
even at ultra-low concentrations, i.e., 0.001% [26,33]. In our previous work, it was demonstrated that
polymer-supported AuNPs facilitated heat transfer at a 300% higher rate than water [8]. It could be
believed that application of PtNPs could also provide enhanced heat transfer, while their stabilization
with PVP would make suitable NFs for cooling combustion chambers. Since the price of Pt is relatively
high, PtNPs-based NFs seems to not be suitable for application as cooling liquids on a large scale.
Therefore, a HMS is proposed in the present study, where the NF is used not as a mobile phase but as a
heat conductive layer, immobilized and sealed within a radiator.

The main objective of this work was to develop a fast and effective plasma-mediated method for
synthesis of stable-in-time and monodisperse PVP-coated PtNPs on the basis of dc-APGD, generated
between the surface of a flowing liquid anode (FLA) solution and a pin-type tungsten cathode, and
operated in a continuous-flow reaction-discharge system. Synthesized PtNPs were characterized
by UV/Vis absorption spectrophotometry (UV/Vis) and transmission electron microscopy (TEM)
supported by energy-dispersive X-ray scattering (EDX). To confirm surface functionalization of
resultant PtNPs by PVP, dynamic light scattering (DLS) and attenuated total reflectance Fourier
transform-infrared spectroscopy (ATR FT-IR) were used. PVP-PtNPs were then applied in the form of
a NF in a HMS of simulated internal combustion chambers. The NF was used as a conductive layer for
dissipating heat from a circulating liquid used for two scenarios: (i) managing heat of the simulated
combustion chamber, and (ii) emergency cooling thereof. To the best of our knowledge, this is the
first work in which PVP-PtNPs were produced by dc-APGD generated in a continuous-flow reaction
discharge-system and then applied in the HMS for internal combustion chambers.

2. Materials and Methods

2.1. Reagents and Solutions

Chloroplatinic acid hydrate (H2PtCl6·H2O, Sigma-Aldrich, Steinheim, Germany) was used to
prepare a stock solution of 1000 mg L−1 of Pt(IV) ions. A working solution of 50 mg L−1 of Pt(IV) ions
was prepared by appropriately diluting the stock solution. Next, 0.25 g of solid poly(vinylpyrrolidone)
(PVP, MW = 40,000, Sigma-Aldrich, Steinheim, Germany) was mixed with 1000 mL of the working
solution of Pt(IV) ions, giving a final PVP concentration of 0.25% (m/v). All reagents were of analytical
grade or better. Re-distilled water was used throughout.

2.2. One-Step Synthesis of PVP-PtNPs

The mixed working solution of the PtNPs precursor (as Pt(IV) ions at 50 mg L−1) and PVP
(at 0.25%) was treated by dc-APGD operated in the continuous-flow reaction-discharge system
previously reported by Dzimitrowicz et al. [21]. To find the optimal concentration of PVP, the effect of
three concentrations of this polymer were examined, i.e., 0.10, 0.25, and 0.50% (m/v). It was observed
that in the presence of PVP at 0.10% (m/v), visible sedimentation of PtNPs occurred. On the other hand,
at 0.50% (m/v) of PVP, even aggregates occurred. At 0.25% (m/v) of PVP, no sedimentation, aggregation,
nor coalescence of produced PtNPs was observed. Stable dc-APGD was sustained between the surface
of the FLA solution and the sharpened pin-type tungsten cathode (Figure 1) in a 90 mm (height) by
40 mm (radial) quartz chamber. The gap between both electrodes was ~5.0 mm. A dc-HV supply (Dora
Electronics Equipment, Wroclaw, Poland) was used to provide a HV-positive potential (1100–1300 V)
to liquid electrode. The discharge current was maintained at a constant value of 55 mA by applying
a ballast resistor with resistance of 10 kΩ (Tyco Electronics, Berwyn, IL, USA). The mixed working
solution was introduced to the reaction-discharge system through a quartz-graphite tube at a flow

78



Nanomaterials 2018, 8, 619

rate of 3.0 mL min−1 by using a four-channel peristaltic pump (Masterflex L/S, Cole-Parmer, Vernon
Hills, IL, USA), and dc-APGD-treated solutions overflowing the quartz-graphite tube were collected
for subsequent analyses.

Figure 1. A continuous-flow reaction-discharge system for synthesis of poly(vinylpyrrolidone)-stabilized
Pt nanoparticles (PVP-PtNPs); (1) the mixed working solution containing the PtNPs precursor and the
PVP capping agent (FLA), (2) a four-channel peristaltic pump, (3) high-voltage wires, (4) a collector
for the direct current atmospheric pressure glow discharge (dc-APGD)-treated solution, (5) a tungsten
cathode, (6) graphite, and (7) quartz tubes.

Detailed characteristics of the plasma reaction-discharge system with APP generated in contact
with a FLA are given elsewhere [34]. The rotational temperature of N2 molecules, determined in the
liquid-discharge interfacial zone, was considered an approximation of kinetic gas temperature and
was about 1400 K, while the vibrational temperature of N2 molecules (~5300 K) and the excitation
temperature of H atoms (~5200 K) were considerably higher. Differences between temperatures
indicated that the developed APGD-based reaction-discharge system was in a high non-equilibrium
state. In the spectral range of 200–800 nm, NO, N2, N2

+, and OH species were easily excited.
Additionally, H and O atomic lines were identified.

2.3. Characterization of PVP-PtNPs

Optical properties of PVP-PtNPs present in dc-APGD treated solutions were determined using a
Specord 210 (Analytic Jena AG, Jena, Germany) spectrophotometer. The UV/Vis spectra were acquired
in the spectral range from 350 to 700 nm at a scanning speed of 20 nm s−1 and a step of 0.2 nm. These
spectra were recorded 24 h after dc-APGD treatment of mixed working solutions.

Granulometric properties (size, shape, and elemental composition) of synthesized PVP-PtNPs
were assessed using a Tecnai G220 X-TWIN TEM instrument (FEI, Hillsboro, OR, USA), equipped with
an EDX microanalyzer (FEI, Hillsboro, OR, USA). TEM and EDX measurements were carried out as
follows: one drop of dc-APGD-treated solution was placed onto a Cu grid (CF400-Cu-UL, Electron
Microscopy Sciences, Hatfield, PA, USA) and left to dry on air. The average size of PVP-PtNPs was
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calculated on the basis of the diameters of 100 single nanostructures using FEI Software (version 3.2
SP6 build 421, FEI, Hillsboro, OR, USA).

2.4. Surface Functionalization of PtNPs by PVP

To confirm surface functionalization of PtNPs by PVP, plasma-synthesized Pt nanostructures
included in collected solutions were characterized using DLS and ATR FT-IR. DLS measurements
were performed applying a Zetasizer Nano-ZS instrument (Malvern Instrument, Malvern, UK) with
an optical arrangement of the detector at 173◦ (backscatter angle) and a HeNe laser (633 nm). DLS
analyses were carried out in optically homogenous polystyrene cuvettes at temperature of 25 ◦C.
Results (size by number) were evaluated using the ZetaSizer Software (Malvern Dispersion Technology
Software, version 7.11) and averaged for three independent runs. ATR FT-IR spectra were acquired
in the range from 4000 to 400 cm−1, with resolution of 4 cm−1 and 64 scans by using a Vertex 70v
FTIR spectrophotometer (Bruker, Bremen, Germany). The instrument was equipped with a diamond
ATR accessory.

2.5. Application of PVP-PtNPs in the HMS

The NF containing PVP-PtNPs at a concentration of 0.0008% (m/m) was used as a conductive
layer within a radiator to cool a liquid circulating between the radiator and a simulated internal
combustion block. Figure 2 schematically shows the designed HMS.

Figure 2. A 3D model of the heat management system (HMS) composed of (1) a cooling liquid
reservoir, (2) a peristaltic pump, (3) a spiral radiator filled with (4) a conductive layer (the NF containing
PVP-PtNPs or water).

The system, as displayed in Figure 2, was composed of a container with cooling liquid (100 mL),
a peristaltic pump, and a radiator (150 mm long, diameter 22.5 mm) containing 60 mL of a heat
conductive layer (water or the NF). To simulate cooling of the internal combustion block, the container
with the liquid was placed on an IKA MAG HS 7 heating plate (Warsaw, Poland), which played the
role of the internal combustion chamber, and transferred heat to the liquid. The heating plate was
set at a constant power of 200 W, as preliminary tests indicated that this value was sufficient to heat
the system to 80 ◦C. The heated liquid was circulated within the system by a peristaltic pump at a
flow rate of 50 mL min−1. To monitor the simulated HMS, the procedure was divided into two parts:
(i) assessment of the system to control temperature of the cooling liquid at a constant power of the
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combustion chamber, and (ii) emergency cooling thereof. In the case of heat management, a container
filled with water was placed on a heating plate and heated to 80 ◦C, which was defined as a theoretical
border after which a further increase in temperature could cause overheating of the system. Therefore,
when the system reached 80 ◦C, the peristaltic pump was turned on to simulate the HMS. This caused
water to be circulated through the system, and resulted in cooling down of the heated water. When it
was heated back up to 80 ◦C, the second part of the procedure was initiated, i.e., emergency cooling.
In this case, after the system returned to 80 ◦C, the heating plate was immediately turned off, and a fan
attached to the radiator was turned on to simulate emergency cooling of the internal combustion block.
Water was circulated until it was cooled down to 30 ◦C. The procedure was carried out at ambient
temperature (25 ◦C). Temperatures of water and the heat conductive layer (either the NF or water) were
constantly monitored. Recorded temperatures and duration of heating/cooling were used as variables
in a simplified version of Newton’s relation between temperatures of the heated/cooled liquid and
the surrounding environment [35], defined as dT(t)/dt = k(h/c)·ΔT(t)—where T(t) is temperature at
a given time; k(h/c) is the rate of temperature changes, i.e., heating or cooling (s−1); and ΔT(t) is a
difference in temperature over time t.

3. Results and Discussion

3.1. Application of dc-APGD for Synthesis of PVP-PtNPs

The first evidence that dc-APGD operated between the surface of the FLA solution and the
pin-type tungsten cathode effectively led to continuous-flow synthesis of PVP-PtNPs was the change
in color of the mixed working solution treated by the discharge in the studied reaction-discharge
system. In these conditions, the solution was observed to change from colorless to black (Figure 3A).
According to Wang et al., it was likely associated with formation of PtNPs nuclei in this solution [36].
Moreover, neither aggregation, agglomeration, nor sedimentation of resultant Pt nanostructures was
observed (Figure 3A). This first visual observation confirmed successful production of PtNPs stabilized
by PVP in the continuous-flow reaction-discharge system used.

Figure 3. dc-APGD-mediated synthesis of PVP-PtNPs. (A) Color exhibited by the mixed working
solution after dc-APGD treatment and related to production of PVP-PtNPs; (B) the UV/Vis spectrum
of PVP-PtNPs.
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3.2. Characterization of PVP-PtNPs

Figure 3B displays the UV/Vis absorption spectrum of the mixed working solution treated by
dc-APGD. As can be seen, it presents typical features for Pt nanostructures, i.e., the absorption band
occurred across the entire UV/Vis region. Furthermore, absorption increased as the wavelength
decreased. As was suggested by Yang et al., this was consistent with the optical properties of PtNPs,
and hence, supported the presence of Pt nanostructures synthesized due to plasma-liquid interactions
(PLIs) [37].

The morphology and element composition of PVP-PtNPs was determined using TEM and EDX,
respectively. On the basis of TEM measurements, the average size of PtNPs was 2.92 nm with a
relatively narrow size distribution, i.e., 0.6 nm as standard deviation. TEM images also indicated
that the PVP-PtNPs formed were monodisperse, and approximately spherical in shape (Figure 4A–C).
Based on the EDX spectrum, the presence of Pt, C, O, and Cu was identified (Figure 4D). Occurrence of
metallic Pt resulted from reduction of PtCl62− ions to Pt(0) of nanometric size by dc-APGD-mediated
processes in the applied continuous-flow reaction-discharge system. Detection of C and O was likely
associated with the chemical structure of PVP. Occurrence of Cu was due to deposition of samples on
Cu grids prior to TEM analysis. All these data confirmed that it was possible to produce small (average
size of approximately 2 nm) PtNPs through PLIs in the studied reaction-discharge system. This was
coincident with results reported by others, who produced PtNPs of ~2 nm in size using different
types of APPs [15,17,20]. Nevertheless, the unquestionable advantage of the plasma-based method
developed here over other APP-based methods reported in the literature was its continuous-flow
character, resulting in high production efficiency of PVP-PtNPs. Accordingly, it was possible to produce
180 mL of PVP-PtNPs per hour in the proposed continuous-flow reaction-discharge system.

Surface functionalization of PtNPs with PVP was examined using DLS and ATR FT-IR. Size
measurements of resultant Pt nanostructures, as determined by DLS, were much larger than those
calculated on the basis of TEM micrographs; the average size by number was 111.4 ± 22.6 nm (Figure 5).
This discrepancy in the size of PVP-PtNPs determined using both mentioned techniques was consistent
with successful functionalization of Pt nanostructures with PVP [38]. This was because DLS enabled
measurement of the hydrodynamic diameter of entire structures, i.e., PtNPs plus attached compounds,
whereas TEM measurements were solely based on metallic cores of Pt nanostructures. ATR FT-IR
further supported surface functionalization of PtNPs (Figure 6). A sharp, intensive absorption band at
1677 cm−1 was observed in the spectrum, and was attributed to C=O stretching vibrations ν from the
carbonyl group. Absorption bands at 2950, 1423, and 1286 cm−1 were assigned to CH2 asymmetric
stretching vibrations of the aliphatic methylene group and C–N stretching vibrations ν of the PVP
ring, respectively [39–41]. Furthermore, occurrence of the absorption band at 845 cm−1 was previously
recognized as indicative of the PVP ring oriented towards PtNPs [36]. Moreover, all absorption bands
observed in the ATR FT-IR spectrum were shifted by about 20 cm−1 in relation to standard charts
used for evaluation of characteristic groups and moieties [41]. This effect was already observed [39]
and explained by coordination of metallic species by PVP [42]. All these observations confirmed the
presence of PVP in Pt NFs, and the role of this capping agent in steric stabilization and functionalization
of plasma-synthesized PtNPs.
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Figure 4. Granulometric properties of PVP-PtNPs synthesized with the aid of dc-APGD. (A–C)
Representative TEM photomicrographs; (D) the EDX spectrum.

TEM micrographs further suggested that the PVP matrix could encapsulate PtNPs. In this case,
PtNPs seemed to be purposely dispersed, that is, grouped in approximately spherical regions of over
60 nm in diameter. Formation of PVP capsules containing PtNPs, as opposed to formation of individual
PtNPs coated with PVP, could also partly explain differences in the size as measured by TEM and DLS.
DLS could measure the size of entire capsules, whereas TEM would reveal the size of individual PtNPs
within these capsules. Formation of capsules might be related to physicochemical properties of PVP.
This polymer contains N and O atoms bearing free electron pairs that could have ability to chelate
surface-active compounds such PtNPs [39,43].
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Figure 5. A histogram displaying size by number distribution of PVP-PtNPs as determined by DLS.

Figure 6. The ATR FT-IR spectrum of PVP-PtNPs.

3.3. Mechanism of PtNPs Formation

The use of dc-APGD generated in contact with liquid for synthesis of PtNPs is extremely rarely
reported in literature. Only Koo et al. and Shim et al. reported to use ac-APGDs operated with the aid
of H2/He jets in contact with bulky solution reservoirs containing PtCl62− ions for plasma-mediated
synthesis of PtNPs [15,16]. These authors hypothesized that PtCl62− ions were possibly reduced
by H atoms formed in the solution. This could only be partly correct because much more reactive
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species, capable of reducing the PtNPs precursor, would be formed as a result of PLIs [44]. In the
present work, dc-APGD, fully sustained in surrounding air atmosphere (with no additional gas) and
operated in contact with the FLA solution, was used for continuous-flow reduction of PtCl62− ions
and synthesis of PtNPs through PLIs. Detailed characteristics of this reaction-discharge system have
been previous published, and the produced reactive species characterized [34], allowing us to provide
a putative mechanism for the formation of PtNPs. In case of the reaction-discharge system proposed
in the present work, there was no voltage fall at the liquid surface and hence, a large flux of electrons
from the discharge column bombarded the surface of the FLA solution, leading to production of a
very high concentration of interfacial solvated electrons (eaq

−) [45]. These electrons are both highly
reactive, and have an anomalously high diffusion constant [45]. Therefore, they could take part in
direct reduction of PtCl62− ions in the FLA solution (e.g., PtCl62− + 4eaq

− = Pt0 + 6Cl−), resulting
in formation of a large number of Pt0 nuclei in a very short period of time. Such large number of
Pt seeds reached in the FLA solution certainly helped in obtaining smaller in size NPs, as indicated
by their morphology as assessed by TEM. Other reactive species could also be formed due to the
decomposition of water molecules (in the interfacial zone as well as in the liquid phase, i.e., the FLA
solution), including H atoms, OH radicals, or H2O2 molecules. However, yields of reactions leading to
formation of these species should be much lower than observed for the liquid cathode, as reported for
dc-APGDs operated using gaseous jets in contact with ionic liquids (ILs) [46].

The role of PVP in the stabilization of the small-sized PtNPs synthesized could be related to their
adhesion to nanoparticles through charge-transfer interactions between pyrrolidone rings and the
surface of Pt atoms, and formation of >C=O–Pt coordination bonds [47,48]. In this way, PVP-capped
PtNPs could be stabilized in two different ways, that is, a polymeric shell could be formed, leading to
a structure that prevents further growth and/or agglomeration [47]; in addition, charge transfer could
occur [48], making PtNPs negatively charged, and hence, repulsing them in the solution.

3.4. Enhanced HMS

To the best of our knowledge, no research on the evaluation of the suitability of NFs containing
noble metal NPs for cooling internal combustion chambers have been reported so far. For that reason,
a HMS composed of a cooling liquid (water) circulating between a reservoir and a spiral radiator
within a layer of the NF containing PVP-PtNPs synthesized by dc-APGD (see Figure 2 for more details)
was proposed, and studied in detail. Design of the HMS used in the present work corresponded to
common designs of popular liquid-cooling systems applied for managing temperature of combustion
blocks [29]. The HMS examined here particularly simulated two scenarios, i.e., (i) suppression of an
increase in temperature of the cooling liquid, and (ii) emergency cooling of the internal combustion
chamber (see Section 2.4 for more details). The temperature of heating/cooling (T) was measured as a
function of time (t), and plotted as shown in Figure 7, for both the cooling liquid (water) and the heat
conductive layer (water or the NF with PVP-PtNPs).

When the cooling liquid reached a temperature of 80 ◦C, the medium of the conductive layer began
to circulate within the system, resulting in a decrease in temperature of the cooling liquid. Circulation
was continued until the cooling liquid was heated back up to 80 ◦C. As a result, temperature of the
medium of the conductive layer in the radiator also increased; this is shown in Figure 7A,C. As can
be seen in Figure 7C, initial temperature (80 ◦C) within the water reservoir rapidly decreased at the
beginning of circulation, because the medium of the conductive layer initially had room temperature.
The same phenomenon usually takes place in internal combustion engines, however, valves placed
between internal and external circuits of the circulation system allow for proper control of the extent
of cooling. Afterwards, the temperature of the cooling liquid was increased, as it is done by internal
combustion chambers. As can be seen in Figure 7C, if the medium of the conductive layer in the radiator
was water, the cooling liquid in the reservoir was heated back to 80 ◦C within 25 min. By contrast,
when the medium of the conductive layer was the NF containing synthesized PVP-PtNPs, the system
was unable to reach 80 ◦C (provided by a heating plate at 200 W), and instead of this, it reached
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equilibrium at 78 ◦C within 43 min. Similar differences were also observed for temperature of the
medium of the conductive layer. When the temperature of the circulating cooling liquid increased,
the temperature of water in the radiator leveled at 75 ◦C while temperature of the NF of PVP-PtNPs
reached just 67 ◦C.

Figure 7. Time-dependent changes of temperature obtained for (A) heating, and (B) cooling of the
conductive layer; (C) heating, and (D) cooling of the circulating liquid.

When the artificial overheating border was reached, the procedure of emergency cooling was
engaged (see Section 2.5 for more details). Although the system with the NF containing PVP-PtNPs
did not reach this temperature, the procedure of cooling was initiated at its equilibrium temperature of
78 ◦C. As can be seen in Figure 7D, the cooling liquid circulating in the system was cooled down to 30 ◦C
within 21 min when the NF containing PVP-PtNPs was applied. This was 14 min faster than when water
was used as the medium of the conductive layer. The same tendency was observed when monitoring
temperature of water and the NF placed within the radiator (see Figure 7B). All these observations
indicated that application of the NF as the conductive layer in the spiral radiator prevented overheating
of the system in a fast and effective way. Certainly, the NF-containing PVP-PtNPs displayed an
increased heat conductivity within the radiator, as compared to water. To evaluate the efficiency of the
system, rate constants of heating (kh) and cooling (kc) of the liquid circulating within the system were
assessed (see Table 1).
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Table 1. Rate constants of heating (kh) and cooling (kc) of the circulating liquid.

Medium of the Conductive Layer
Rate Constants [×10−3 s−1]

kh kc

Water 4.88 2.55
PVP-PtNPs 2.70 3.41

When the NF containing PVP-PtNPs was used as the conductive layer, the rate constant
responsible for the increase of temperature (kh) was almost half the value of this assessed for water,
i.e., 2.70 × 103 s−1 versus 4.88 × 103 s−1. This meant that the presence of the NF significantly extended
operation of the system against overheating, as compared to water placed in the radiator. On the other
hand, the rate constant of cooling (kc) was greater when the NF of PVP-PtNPs was used instead of water,
which was responsible for the reduced time needed to cool down the whole system. These differences
were certainly reflected by ability of the system to operate within safe temperature. The circulating
liquid cooled by water placed in the radiator achieved overheating temperature within 25 min, while
the NF containing PVP-PtNPs conveniently prevented overheating of the system.

Based on all observations, it appeared that application of PVP-PtNPs would efficiently facilitate
both temperature control of the cooling liquid circulating in the internal combustion block, and
emergency cooling thereof. It was previously reported that application of a NF containing 1.5% of Cu
and Al2O3 NPs led to increased heat exchange up to 80%, as compared to water [29,32]. As found in the
present work, utilization of the NF containing 0.0008% of PVP-PtNPs resulted in increasing efficiency
of the system by 80% during heating, and 30% during cooling, as compared to water. However, it must
be remembered that the medium containing PVP-PtNPs was used only as the heat-conductive layer
located in the radiator, not as the cooling liquid itself. This significantly reduced the required amount
of the NF; hence, the expense for such a system might meet economic requirements. The applied
approach overcame two barriers of such systems. Firstly, (1) application of PtNPs led to a significant
reduction in the concentration of NPs in the NF needed to successfully manage heat, as compared
to already reported systems. Secondly, (2) stabilization of PtNPs by PVP allowed for sealing and
immobilization of NF in the radiator; this led to a reduction of the volume of the NF, addressing a
potential issue with emission of NPs into the environment.

4. Conclusions

It was established that the action of dc-APGD, completely operated in surrounding air only, onto
the continuously flowing solution of PtCl62− ions with admixed PVP, led to on-line formation of
monodisperse and nearly spherical PVP-capped PtNPs in the liquid phase, with the average diameter
of 2.9 ± 0.6 nm. Since the solution of the PtNPs precursor was positively charged and acted as the FLA,
it was supposed that solvated electrons were the most important species responsible for reduction of
PtCl62−. Functionalization of the surface of reduced Pt by PVP resulted in high stability of continuously
synthesized and uniformly sized PtNPs. It was also found that the NF containing just 0.0008% of
PVP-capped PtNPs could serve as a very promising heat conductive medium for a spiral radiator that
efficiently manages heat generated by a simulated combustion chamber. As compared to water, the
NF containing PVP-PtNPs resulted in increasing efficiency of such system by 80% and 30% during
heating and cooling, respectively.
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Abstract: Development of efficient plant protection methods against bacterial phytopathogens
subjected to compulsory control procedures under international legislation is of the highest concern
having in mind expensiveness of enforced quarantine measures and threat of the infection spread
in disease-free regions. In this study, fructose-stabilized silver nanoparticles (FRU-AgNPs) were
produced using direct current atmospheric pressure glow discharge (dc-APGD) generated between
the surface of a flowing liquid anode (FLA) solution and a pin-type tungsten cathode in a continuous
flow reaction-discharge system. Resultant spherical and stable in time FRU-AgNPs exhibited average
sizes of 14.9 ± 7.9 nm and 15.7 ± 2.0 nm, as assessed by transmission electron microscopy (TEM) and
dynamic light scattering (DLS), respectively. Energy dispersive X-ray spectroscopy (EDX) analysis
revealed that the obtained nanomaterial was composed of Ag while selected area electron diffraction
(SAED) indicated that FRU-AgNPs had the face-centered cubic crystalline structure. The fabricated
FRU-AgNPs show antibacterial properties against Erwinia amylovora, Clavibacter michiganensis,
Ralstonia solanacearum, Xanthomonas campestris pv. campestris and Dickeya solani strains with minimal
inhibitory concentrations (MICs) of 1.64 to 13.1 mg L−1 and minimal bactericidal concentrations
(MBCs) from 3.29 to 26.3 mg L−1. Application of FRU-AgNPs might increase the repertoire of
available control procedures against most devastating phytopathogens and as a result successfully
limit their agricultural impact.

Keywords: atmospheric pressure plasma; nanostructures; phytopathogens; plant protection;
quarantine; Erwinia amylovora; Clavibacter michiganensis; Ralstonia solanacearum; Xanthomonas campestris
pv. campestris; Dickeya solani

1. Introduction

In recent decades, a rapid increase in the fabrication of noble metal nanoparticles (NPs) has been
observed. Dynamic development in production of these inorganic nanostructures has been associated
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with their unique optical [1], chemical [2], and photothermal [3] properties, which are different from
those of bulky samples made of the same material. Among noble metal nanostructures, the most
studied and utilized are silver nanoparticles (AgNPs). Various methods have been developed for
synthesis of AgNPs so far [4,5]. The most common are based on chemical [6], physicochemical [7], and
biological [8] reduction of Ag(I) ions. Importantly, these methods are usually multi-step and, hence,
time-consuming. Additionally, the chemical reduction approach often requires toxic reagents such as
hydrazine [9]. For these reasons, several research groups applied atmospheric pressure plasmas (APPs)
generated in contact with liquids and tried to use plasma-liquid interactions (PLIs) for the synthesis
of stable in time AgNPs in a much faster and less complicated way [10–17]. In our group, several
continuous-flow reaction-discharge systems based either on the operation of dc-APGD [18,19] or a
pulse modified radio frequency version of this discharge (pm-rf-APGD) [20] were developed and used
for the fabrication of AgNPs. In these systems, APP was operated between a flowing liquid electrode,
which were the solutions of the AgNPs precursor and certain stabilizers and a pin-type solid tungsten
electrode. The operation of APP resulted in the production of various reactive oxygen and nitrogen
species (RONS) in addition to solvated electrons and hydrogen radicals (H·). Subsequently, all these
species mediated reduction of Ag(I) ions and formation of AgNPs [18–20].

AgNPs have found many interesting applications for instance in degradation of organic dyes
in catalysis [21], ultrasensitive DNA detection in biosensors [22], inactivation of bacteria in textile
production [23], and treatment of human melanoma cancer in medicine [20]. Additionally, their
possible implementation into agriculture has been suggested previously [18,24,25]. Having in mind
synthesis of biocompatible, natural, and low-cost nanomaterials [26,27] for such a practice, several
AgNPs synthesis methods based on reductive properties of plant extracts [28], natural biopolymers [29],
agricultural wastes [30], or commercially available biocontrol agents [31] have been developed
up to the present day. Importantly, AgNPs might be efficiently applied for direct eradication of
fungal [32–35] and bacterial [18,24,25] phytopathogens. Considering that various formulations of
fungicides are still successful in plant disease control [36] while costs of quarantine enforcement are
quite high, the objective of the present study was to investigate the activity of plasma synthesized
AgNPs against bacterial phytopathogens subjected to compulsory control measures, according to
European Union legislation by a Council Directive 2000/29/EC and posterior directives (most
recently Commission Implementing Directive 2017/1279) amending its annexes. For this research,
we focused on Erwinia amylovora (Eam), Clavibacter michiganensis (Cm), Ralstonia solanacearum (Rsol),
Xanthomonas campestris pv. campestris (Xcc), and Dickeya solani (Dsol) whose economic significance
was further emphasized by either a place or honorable mentions on the top 10 list of plant pathogenic
bacteria by Mansfield et al. [37].

Eam is a Gram(−) bacterial phytopathogen that causes fire blight on the Rosaceae family
including mostly subfamilies Maloideae or Pomoideae [37]. Typical symptoms of the above-mentioned
disease include flower necrosis, fruit rot, shepherd’s crook in shoots, bacterial ooze, and cankers
in woody tissue [38]. The highest economic losses are recorded on apples and pears and might
result in disrupting orchard production for several years. To exemplify, the financial impact of Eam
recorded in the north-west part of USA exceeded 68 million dollars in 1998 alone [39]. On the other
hand, Cm of Gram(+) coryneform morphology is responsible for bacterial canker on tomato. Most
recognizable diagnostic symptoms of this disorder involve wilting and bird’s eye-spot lesions among
less species-specific, but highly devastating being vascular discolorations, brown streaks opening as
cankers, leaf necrosis, plant stunting and desiccation in addition to premature fruits fall. Substantial
financial damage in tomato production might even reach $300,000 per grower in a single year [40].
On the contrary, Rsol is a Gram(−) soil-borne causative agent of bacterial wilt on several hundred
plant species belonging to more than 44 families [41]. Notably, plant-specific names of this disease are
frequently used, i.e., brown rot on potato and Moko disease on banana. The pathogen penetrating
from soil into plant roots reaches the xylem where it multiplies and subsequently triggers systemic
infection. Plants wilt, their stems soften and split while releasing bacterial exudates. Focusing on
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potatoes, browning of the tuber vascular ring characterizes an advanced stage of Rsol infection.
High economic impact of this disease mainly results from wide geographic distribution and costly
quarantine procedures. For instance, about 50% potato tuber losses caused by these bacteria are
noted in India [42]. Concerning an etiological agent of black rot being a Gram(−) rod Xcc, its most
important hosts include the members of the crucifer family Brassicaceae with cabbage, cauliflower,
broccoli, radish, Brussels sprouts, and kale [43]. In the case of this disorder, contaminated plant
tissues become necrotic and leaves fall prematurely while severe rotting leading to plant death follows
systemic infection. V-shaped, chlorotic yellow lesions are typical symptoms. Black rot was detected on
all continents and it is regarded as the most important disease of brassica worldwide [44]. Dsol, which
is a Gram(−) rod-shaped bacterium not yet regarded as a quarantine microorganism outside Israel
and North Africa countries, was subjected to a zero tolerance policy in Scotland [45]. This relatively
new threat to European potato production has been efficiently spreading across the continent since
2005 [46]. Dsol causes blackening and softening of the stem base referred to as blackleg in addition to
soft rot meaning maceration and collapse of the inner tuber tissue. Interestingly, the resultant disease
symptoms besides their severity are indistinguishable from these caused by other species from the
genera Dickeya or Pectobacterium. To illustrate, Tsror et al. [47] reported potato yield reduction of 20%
to 25% when the disease incidence exceeded 15%.

Here, the dc-APGD-based continuous-flow reaction-discharge system was applied to produce
uniform and monodisperse spherical AgNPs stabilized by fructose (FRU). Optical properties of the
synthesized FRU-AgNPs were analyzed by using UV/Vis absorption spectrophotometry. Their
granulometric properties were examined with the aid of transmission electron microscopy (TEM)
supported by energy dispersive X-ray spectroscopy (EDX) and selected area electron diffraction
(SAED). Dynamic light scattering (DLS) was further used to evaluate the size of the produced
Ag nanostructures. To confirm surface functionalization of AgNPs by FRU, attenuated total
Reflection-Fourier transformation infrared spectroscopy (ATR FT-IR) was applied. Lastly, antibacterial
properties of the resultant FRU-AgNPs were studied against phytopathogenic microorganisms
classified to Eam, Cm, Rsol, Xcc, and Dsol species.

2. Materials and Methods

2.1. Reagents and Solutions

A working solution of the AgNPs precursor (100 mg L−1 of Ag(I) ions with 0.25% (m/v) D-fructose)
was prepared as follows: 0.0157 g of solid silver nitrate (AgNO3, Avantor Performance Materials,
Gliwice, Poland) and 0.25 g of D-fructose (Avantor Performance Materials, Gliwice, Poland) were
dissolved in water. The concentration of the capping agent (0.25% (m/v) of FRU) in this solution was
chosen in order to allow for stable operation of dc-APGD in the continuous-flow reaction-discharge
system. All reagents were of analytical grade or higher purity. Re-distilled water was used throughout.

2.2. Production of FRU-AgNPs in the dc-APGD-based Reaction-Discharge System

FRU-AgNPs were synthesized in the dc-APGD-based continuous-flow reaction-discharge system
previously described by Dzimitrowicz et al. [19]. The working solution of the AgNPs precursor was
introduced to the system through a quartz capillary (OD = 4.0 mm, ID = 2.0 mm) onto which a graphite
tube (OD = 6.0 mm, ID = 4.0 mm) was mounted (Figure 1). The flow rate of this solution was 2.0 mL
min−1 and was maintained by applying a four-channel peristaltic pump (Masterflex L/S, Cole-Parmer,
Vernon Hills, IL, USA). In these conditions, the working solution acted as the flowing liquid anode
(FLA) while a solid tungsten (W) electrode was the cathode of this discharge system. dc-APGD was
sustained and stably operated between the surface of this FLA solution and the sharpened tip of the
W cathode (ID = 4.0 mm). Both electrodes were placed inside a 90 mm (height) by 40 mm (radial)
quartz chamber. The distance between them was 5.0 mm to allow for stable operation of dc-APGD.
To ignite dc-APGD, a high voltage (HV) of 1100–1300 V provided by a dc-HV supplier (Dora Electronics
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Equipment, Wroclaw, Poland) was supplied to both electrodes. Stabilization of the discharge current
(30 mA) was maintained by applying a ballast resistor of 10 kΩ (Tyco Electronics, Berwyn, IL, USA)
situated in the anode circuit. The dc-APGD-treated working solution, which contained the synthesized
FRU-AgNPs, was collected into 10 mL glass vials and kept for further analyses including determination
of their optical, granulometric, and antibacterial properties.

Figure 1. A schematic representation of the dc-APGD-based reaction-discharge system working in
a continuous-flow mode. (1) A pin-type W cathode, (2) dc-APGD, (3) a graphite tube, (4) a working
solution (with the AgNPs precursor and D-fructose) acting as a flowing liquid anode (FLA), (5) a quartz
capillary, and (6) a compartment for the collection of the dc-APGD treated working solution containing
the synthesized FRU-AgNPs.

2.3. Characterization of Optical and Granulometric Properties of FRU-AgNPs

To examine suitability of dc-APGD for the production of stable in time, spherical, monodisperse,
and uniform in size FRU-AgNPs, their optical and granulometric properties were evaluated.

Optical properties of the produced Ag nanostructures were assessed by UV/Vis absorption
spectrophotometry. UV/Vis absorption spectra were acquired by using a Specord 210
spectrophotometer (Analytik Jena AG, Jena, Germany) in the spectral range from 300 nm to 900 nm.
The scanning speed was 20 nm s−1 and the step was 1 nm.

Granulometric properties (size, shape, elemental composition, and crystalline structure) of the
fabricated FRU-AgNPs were determined by TEM (Tecnai G220 X-TWIN, FEI, Hillsboro, OR, USA).
The measurements were performed in a bright field and in electron diffraction modes for direct
imagining and SAED, respectively. For EDX analyses, the mode of energy dispersion of X-rays
supported by an EDX detector was applied. To carry out all analyses according to the granulometric
properties of the resultant FRU-AgNPs, one-drop of the dc-APGD-treated working solution was placed
onto an ultra-thin carbon-copper grid (CF400-Cu-UL, Electron Microscopy Sciences, Hatfield, PA,
USA). Then, the so-prepared sample was sequentially rinsed with re-distilled water and dried to
remove sugar from it before the analysis. To analyze the collected data, the FEI software (version
3.2 SP6 build 421, FEI, Hillsboro, OR, USA) was applied. The size distribution of the FRU-AgNPs
was determined from high-resolution TEM photomicrographs. Since removal of FRU resulted in the
creation of a considerable number of agglomerates, the graphics were segmented by applying image
thresholds that allow the detection of a single nanoparticle within an agglomerate. Then, the counted
particles were analyzed by using Microsoft Excel (Richmond, VA, USA) Analysis Tool Pack add-in,
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which created an appropriate histogram. Size distribution by the number of FRU-AgNPs was also
estimated by DLS and by applying a Photocor Complex instrument (Photocor Instruments, Tallin,
Estonia) equipped with a 638 nm/25 mW3 laser. Measurements were performed in round glass vials
(ID = 14.8 mm) submerged in decalin at the scattering angle of 90◦. Temperature during all tests was
21.96 ◦C and water viscosity was 0.9864 mPa·s−1. DynaLS software (Alango Ltd., Tirat Carmel, Israel)
was utilized for data evaluation.

2.4. Surface Functionalization of AgNPs by FRU

To confirm the stabilizing role of FRU during AgNPs production, ATR FT-IR spectroscopy was
applied. Respective ATR FT-IR spectra were acquired for two samples: (i) the raw working solution
prior to treatment with dc-APGD and (ii) the dc-APGD-treated working solution containing the
produced FRU-AgNPs. All ATR FT-IR spectra were collected in the range from 4000 to 400 cm−1 using
a Nicolet 6700 instrument (Thermo Fisher Scientific, Waltham, MA, USA) that was equipped with a
Smart Orbit ATR accessory. Measurements were taken at a resolution of 4 cm−1 and the scans number
was 64. All analyses were carried out under vacuum conditions.

2.5. Purification of FRU-AgNPs

In order to purify the fabricated FRU-AgNPs from unreacted Ag(I) ions, dialysis, as previously
reported by Dzimitrowicz et al. [18], was used. A portion of the dc-APGD-treated working solution
with the synthesized FRU-AgNPs was poured into a dialysis tube with a molecular weight cut-off of
14,000 Da (Sigma-Aldrich, Poznan, Poland) and immersed in 500 mL of re-distilled water in a glass
beaker. Then, the glass beaker was placed onto a magnetic laboratory stirring plate (WIGO, Pruszkow,
Poland) and its contents was subjected to stirring at 1000 rpm for 24 h.

2.6. Determination of the Concentration of the Purified FRU-AgNPs

To determine the concentration of the purified FRU-AgNPs (as Ag) after dialysis, flame atomic
absorption spectrometry (FAAS) was used. The appropriate volume of the solution obtained after
dialysis from the dialysis tube was poured into a 200-mL beaker and treated with a 65% (m/m)
HNO3 solution (Avantor Performance Materials, Gliwice, Poland). Afterwards, the resulting mixture
was heated to boil for 30 min on a hot plate for digestion of FRU-AgNPs. Next, a PerkinElmer
(Bodenseewerk Perkin-Elmer GmbH, Uberlingen, Germany) single-beam FAAS instrument, model
1100B with a deuterium lamp, was applied for quantification of the Ag concentration in the final
sample solution.

2.7. Bacterial Strains and Their Culture Methods

Plant pathogenic bacteria investigated in this study are listed in Table 1. All microorganisms
originated from the collection of bacterial phytopathogens of the Intercollegiate Faculty of
Biotechnology University of Gdansk and Medical University of Gdansk (IFB UG & MUG) (Gdansk,
Poland) and had been previously stored at −80 ◦C in 40% (v/v) glycerol. The tested microorganisms
were recovered from frozen stocks by plating on optimal solid media (Table 1). 24 h of incubation
at 28 ◦C followed. To obtain the overnight liquid cultures, a single bacterial colony per species was
utilized for the inoculation of the proper liquid medium (Table 1) prior to 24 h of incubation at 28 ◦C.
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Table 1. Studied strains of bacterial phytopathogens and the utilized growth media.

Species, Abbreviation Strain Nos a Disease
Caused

Country, Year of
Isolation

Host Plant
Growth

Medium b Reference

Erwinia amylovora, Eam IFB9037,
CL0640 Fireblight Poland, 2011 Pyrus spp. Levan [48] CL collection

Clavibacter michiganensis, Cm IFB9038,
CL0335

Bacterial
canker Poland, 2005 Lycopersicon

esculentum NCP-88 [49] CL collection

Dickeya solani, Dsol IFB0099,
LMG28824

Blackleg,
Soft rot Poland, 2005 Solanum

tuberosum
TSA (BTL,
Poland) [50,51]

Ralstonia solanacearum, Rsol IFB8019,
NCPPB4156 Brown rot The Netherlands,

2001
Solanum

tuberosum TZC [52] NCPPB
collection

Xanthomonas campestris pv.
campestris, Xcc

IFB9022,
LMG582 Black rot Belgium, 1980 Brassica spp. GF [53] [51,54,55]

a IFB—Intercollegiate Faculty of Biotechnology University of Gdansk and Medical University of Gdansk (Gdansk,
Poland), CL—Central Laboratory of Main Inspectorate of Plant Health and Seed Inspection (Torun, Poland),
LMG—Belgian Coordinated Collections of Microorganisms (Gent, Belgium), NCPPB—National Collection of Plant
Pathogenic Bacteria (London, UK). b To obtain the corresponding solid media, 15 g L−1 of agar was added.

2.8. Antibacterial Properties of FRU-AgNPs Against Bacterial Phytopathogens

Overnight liquid bacterial cultures were centrifuged for 10 min at 6000 rpm. The harvested
cells were washed twice and subsequently suspended in a sterile 0.85% NaCl solution to reach the
turbidity of 0.5 in the McFarland scale (McF) as measured by a DEN-1B densitometer (BioSan, Riga,
Latvia). The purified FRU-AgNPs were dissolved in sterile re-distilled water to obtain 2×, 3×, 4×, 6×,
8×, 16×, and 32× dilutions. 10 μL of the 0.5 McF bacterial suspensions, 90 μL of the corresponding
growth media (Table 1), and 100 μL of FRU-AgNPs dilutions or the concentrated stock solution were
added to each well in sterile 96-well microplates. Appropriate negative controls (containing solely the
respective growth media or these media supplemented with 0.85% NaCl or re-distilled water) and
positive controls (the respective growth media inoculated with a given phytopathogen) were included.
Optical densities at 600 nm (OD600) of bacterial cultures within the microplates were measured by
using an EnVision Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA). Incubation at 28 ◦C for
24 h followed. Then, OD600 of the bacterial cultures were investigated again to state minimal inhibitory
concentrations (MICs) of FRU-AgNPs to define the concentration of AgNPs potent enough to inhibit
the growth of bacterial phytopathogens in liquid media [18,55]. The contents of 96-well microplates
showing no visible bacterial growth were also plated on the appropriate solid growth media (Table 1)
to establish minimal bactericidal concentrations (MBCs) as described previously [18,55]. The plates
were incubated at 28 ◦C for 24 h. The resultant bacterial colonies were counted. The whole experiment
was repeated in triplicate for each bacterial strain.

3. Results and Discussion

3.1. Optical Properties of FRU-AgNPs

It was possible to confirm the formation of Ag nanostructures as well as to estimate their optical
properties based on UV/Vis absorption spectra of the dc-APGD-treated working solution (Figure 2).
Spherical metallic nanostructures of different sizes are able to absorb and reflect light of unique
wavelengths, which results in localized surface plasmon resonance (LSPR) absorption bands of different
widths and centered around different wavelengths due to mutual vibration of their free electrons
in resonance with given light waves [56]. The LSPR absorption band for small spherical AgNPs is
typically situated between 380 to 450 nm [57]. In the present contribution, the UV/Vis absorption
spectrum of the dc-APGD treated working solution, which was dominated by the LSPR absorption
band with wavelength at its maximum at 404 nm (Figure 2). This confirms the formation of spherical
FRU-AgNPs. Additionally, the symmetrical shape of this LSPR absorption band and a low value of its
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full width at half maximum (FWHM), i.e., 79 nm, suggested that the resultant spherical FRU-AgNPs
were monodisperse and non-aggregated (Figure 2) [58].

Figure 2. The UV/Vis absorption spectrum of five times diluted colloidal suspension of FRU-AgNPs.

3.2. Granulometric Properties of FRU-AgNPs

Using TEM supported by SAED and EDX as well as DLS, granulometric properties of the
fabricated FRU-AgNPs according to their size, shape, elemental composition, and crystalline structure
were assessed. Based on TEM measurements, it was established that FRU-AgNPs were approximately
spherical (95%) even though the structures of other shapes, i.e., triangular and hexagonal, were also
detected (Figure 3). The average size of the resultant FRU-AgNPs along with its size distribution
was 14.9 ± 7.9 nm, which means that they were quite uniform with a narrow size distribution
(Figure 3). FRU-AgNPs were well dispersed in the aqueous medium, but several aggregates were also
observed (Figure 3). The occurrence of aggregates might be related to the sample preparation for TEM
measurements (see Section 2.3 for more details).

Figure 3. TEM micrographs illustrating shapes and size distribution of FRU-AgNPs.
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Figure 4A presents the SAED pattern of the synthesized Ag nanostructures. Based on this,
corresponding rings associated with the face-centered cubic (fcc) highly crystalline structure of the
produced FRU-AgNPs were determined. Observed d-spacings were 2.38, 2.04, 1.45, and 1.25 Å, which
indicates Miller indices of (111), (200), (220), and (311), respectively [18]. To reveal the elemental
composition of the synthesized nanomaterial, EDX was applied. Figure 4B shows the respective EDX
spectrum. The following elements were identified: Ag (from the synthesized AgNPs), O and C (both
from the chemical structure of FRU), and Cu (from the grid onto which the APP-treated working
solution was deposited).

Figure 4. Granulometric properties of Ag nanostructures (A) The SAED pattern for the micrograph of
FRU-AgNPs and (B) the EDX spectrum for the presented FRU-AgNPs.

DLS analyses were performed to corroborate size distribution of FRU-AgNPs calculated on the
basis of TEM imaging. Figure 5 presents percentage size distribution by the number of resultant
FRU-AgNPs obtained after treatment of the working solution in the applied, dc-APGD-based,
continuous-flow reaction-discharge system. Average size of FRU-AgNPs and its distribution was
15.7 ± 2.0 nm and was slightly larger than was determined by using TEM. This discrepancy in the
average size, as determined by TEM and DLS, is commonly reported in literature [59]. By applying
TEM, it was possible to accurately evaluate the size of the metal core of NPs when compared to DLS in
which light is scattered on the analyzed nanomaterial.

The above-listed measurements proved that, by applying dc-APGD operated between the surface
of the FLA solution and the pin-type W cathode in the utilized continuous-flow reaction-discharge
system, it was possible to obtain uniform and approximately spherical FRU-AgNPs with a narrow
size distribution. The proposed system produced 120 mL of colloidal suspensions of FRU-AgNPs per
hour. This certainly overcame limitations related to insufficient yield of NPs reported in the case of
stationary reaction-discharge systems in which APPs also operated in contact with liquids [10–17].
Subsequently, FAAS was used to determine the concentrations of the purified solutions by dialysis
with FRU-AgNPs. The Ag concentration of 52.6 mg·L−1 was assessed in the working solution after its

98



Nanomaterials 2018, 8, 751

dc-APGD treatment and posterior further purification. Considering that the initial concentration of
Ag(I) ions in the working solution was 100 mg·L−1, it gave 52.6% efficiency of FRU-AgNPs production
by the proposed APP-based system.

 

Figure 5. Percentage size distribution by the number of FRU-AgNPs estimated by dynamic light
scattering (DLS).

3.3. Stabilization of the Surface of AgNPs by FRU

Efficacy of AgNPs surface stabilization by FRU was examined on the basis of ATR-FTIR spectra
of the working solution before and after dc-APGD treatment (Figure 6). For the working solution after
dc-APGD treatment, strong absorption bands at 3279 cm−1 and 1656 cm−1 attributed to ν stretching
vibrations of the −O−H group and ν stretching vibrations of the C=O group present in FRU were
detected [60]. Slight shifts in the position of strong absorption bands (about 21 cm−1) could be seen
when comparing ATR FT-IR spectra of the working solution before and after dc-APGD treatment. Such
band shifts might point an interaction of the surface of AgNPs with FRU, which confirms its stabilizing
role. Furthermore, the chemical structure of FRU contains a cyclic ring with several −OH groups.
The possibility of hydrogen bonding formation between FRU and the surface of Ag nanostructures
accounts for efficient application of this monosaccharide as a stabilizer for preventing uncontrolled
growth, aggregation, and sedimentation of AgNPs.

 

Figure 6. ATR FT-IR spectra of the working solution before (FRU-AgNPs precursor) and after
(FRU-AgNPs) dc-APGD treatment.

99



Nanomaterials 2018, 8, 751

The further advantage of FRU utilized as a stabilizer is related to its classification as an eco-friendly
green capping agent [61]. FRU was previously applied in APP-based synthesis of AgNPs by several
research groups [11,16,17]. Richmonds and Sankaran [11] reported a reaction-discharge system with
an atmospheric-pressure microplasma (APM) cathode operated in an H-shaped glass cell between the
surface of a solution and an Ar nozzle jet [11]. The size of the obtained FRU-AgNPs was 10 nm [11].
Kondeti et al. [16] used a radio-frequency driven APP jet for the production of either raw-AgNPs
or FRU-AgNPs. It was found that FRU could be not only the AgNPs-stabilizing surfactant but also
the OH scavenger that acted as a reducing agent through the formation of a respective aldehyde
and the removal of OH (and H) radicals produced by APP [16]. Chiang et al. [17] also synthesized
small FRU-AgNPs (size circa 10 nm) by applying a hybrid microplasma-based electrochemical cell
operated at ambient conditions. Importantly for our research, FRU was proven to trigger chemotaxis
of plant pathogenic bacteria [62]. Therefore, having in mind future agricultural applications of AgNPs
synthesized by the dc-APGD-based reaction-discharge system, this monosugar was selected for the
described research and surface stabilization on the fabricated spherical Ag nanostructures.

3.4. Antibacterial Properties of FRU-AgNPs against Bacterial Phytopathogens

Up to the present day, Ag nanostructures have been shown to efficiently inhibit the growth of
fungal phytopathogens (such as Bipolaris sorokiniana, Magna porthegrisea [32], Colletotrichum spp. [33],
Fusarium oxysporum [34], Alternaria alternata, Sclerotinia sclerotiorum, Macrophomina phaseolina,
Rhizoctonia solani, Botrytis cinerea, Curvularia lunata [35]) and bacterial phytopathogens (for instance,
Pseudomonas syringae pv. syringae, Xanthomonas campestris pv. vesicatoria [25], Xanthomonas perforans [24],
Pectobacterium and Dickeya spp. [18]). Notably, greater interest has been given to the potential
application of AgNPs for the management of plant diseases of fungal origin rather than bacterial,
which is putatively due to the necessity of higher effective concentrations [25] or more complex
nanocomposites [24] to inactivate the latter phytopathogenic microorganisms. The effectiveness of
AgNPs application was demonstrated in greenhouses [24], under field conditions [25] in addition
to multiple laboratory screenings. These findings encouraged our group to examine antimicrobial
potency of the synthesized FRU-AgNPs against plant pathogenic bacteria subjected to compulsory
control measures. Quarantine pests spread efficiently and cause considerable financial damage not only
to potato breeding companies but also to single growers. Surveillance for the presence of quarantine
microorganisms is compulsory and is conducted by the governmental inspectors. Commonly, besides
the destruction of the affected plantation (even entire orchards in the case of Eam), specific monitoring
procedures with buffer zones around the infested areas are implemented in addition to raising public
awareness by running national and international campaigns. In addition, special warning systems
based on climatic data are being developed. For instance, according to the European and Mediterranean
Plant Protection Organization (EPPO), in the case of the detection of Eam, an integrated program
of chemical control combined with sanitation, pruning, eradication, tree nutrition, and planting of
resistant or tolerant cultivars is recommended [63]. Regarding direct control, since streptomycin
sprays that suppressed Eam in the USA are not allowed for agricultural use in the European Union,
several other chemicals such as flumequine, kasugamycin, fosetyl-Al, or oxonilic acid have been
evaluated [63]. Hence, support of research projects resulting in the proposal of novel, effective methods
for the eradication of bacteria indexed by EPPO on A1 and A2 lists of pests recommended for the
regulation as quarantine pests is of substantial importance.

In this case, the synthesized FRU-AgNPs were established to efficiently inhibit the growth of
plant pathogenic bacteria cultivated in liquid media (Table 2). Interestingly, highly virulent Eam, Cm,
and Xcc were shown to be more susceptible (MICs of 1.64 mg L−1) to the fabricated Ag nanostructures
than the other species tested. On the other hand, Dsol showed the highest resistance with a MIC of
FRU-AgNPs being 13.1 mg L−1. It is worth to notice that significant differences in the susceptibility
of microorganisms from various species to AgNPs have been reported before [25,32,35]. Higher
concentrations of FRU-AgNPs were needed to kill bacterial cells in comparison to inhibition of their
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growth as might be expected, with a notable exception of Rsol for which both MIC and MBC values
were just 6.58 mg L−1 of FRU-AgNPs.

Table 2. Minimal inhibitory and bactericidal concentrations of FRU-AgNPs against bacterial
phytopathogens.

Bacterial Strain MIC (mg L−1) MBC (mg L−1)

Eam IFB9037 1.64 ± 0.05 3.29 ± 0.09
Cm IFB9038 1.64 ± 0.05 3.29 ± 0.09
Dsol IFB0099 13.1 ± 0.38 26.3 ± 0.75
Rsol IFB8019 6.58 ± 0.19 6.58 ± 0.19
Xcc IFB9022 1.64 ± 0.05 3.29 ± 0.09

Mean values ± standard deviations for three repetitions of the experiment are depicted.

In our previous study, antibacterial properties of AgNPs stabilized either by sodium dodecyl
sulphate (SDS) or pectins (PEC) were examined against bacterial phytopathogens belonging to
the genera Dickeya and Pectobacterium [18] including the herein investigated Dsol IFB0099 strain.
In reference to this bacterium, PEC-AgNPs and SDS-AgNPs showed higher effectiveness than
FRU-AgNPs. Nevertheless, in order to inhibit the growth of Eam, Cm, and Xcc, lower MICs of
FRU-AgNPs were needed than in the case of either SDS-AgNPs or PEC-AgNPs towards Dickeya or
Pectobacterium strains (except for Pectobacterium atrosepticum IFB5103). In comparison to much more
complex DNA-directed AgNPs grown on graphene oxide [24], FRU-AgNPs showed better performance
against Xcc than the latter nanomaterial towards a closely related species such as Xanthomonas perforans
(MIC 1.64 versus 16.0 mg L−1). The reported FRU-AgNPs were also more efficient against Xcc than
the silica-silver of nanometric size [25] towards Xanthomonas campestris pv. vesicatoria. Taking into
consideration that the mechanism of antibacterial action of AgNPs is not fully revealed yet [24],
additional studies aimed at explaining how the genetic background contributes to the observed
variation in the susceptibility of bacteria from different species to AgNPs are necessary. The latter
research might provide further details on the interactions on the molecular level between AgNPs and
the intracellular bacterial components.

4. Conclusions

Efficient, rapid, eco-friendly, and cost-effective synthesis of spherical and uniform FRU-AgNPs
was accomplished by the incorporation of dc-APGD generated between the surface of the FLA
solution (containing Ag(I) ions and D-fructose) and the pin-type W cathode in the continuous-flow
reaction-discharge system. TEM and DLS measurements provided evidence that the produced Ag
nanostructures were of a relatively small size and a narrow size distribution, i.e., 14.9 ± 4.3 and
15.7 ± 2.0 nm, respectively. The formation of metallic Ag of nanometric size was confirmed by SAED
and EDX while functionalization of its surface by FRU was demonstrated by ATR FT-IR. Lastly, it was
ascertained that FRU-AgNPs exhibit high antimicrobial activities against plant pathogenic bacteria
subjected to expensive compulsory control measures under international legislation.

5. Patents

The method for the synthesis of metallic nanostructures is protected by Polish patent application
No. P.417933.

Author Contributions: A.D. and A.M.-P. planned all experiments. P.J. carried out FRU-AgNPs synthesis. D.T.
recorded UV/Vis absorption spectra. P.C. performed measurements related to morphology of FRU-AgNPs as
well as surface functionalization of AgNPs by FRU. P.P. carried out FAAS measurements. A.D. summarized and
analyzed all data related to optical and granulometric properties of FRU-AgNPs. A.D. and P.C. summarized the
data associated with surface functionalization of AgNPs by FRU. A.M-P. and W.S. with the help of W.B. performed
biological experiments associated with antibacterial activity of FRU-AgNPs. P.C. provided graphical support.

101



Nanomaterials 2018, 8, 751

A.D. and A.M-P. wrote the presented manuscript. P.J., E.L., P.P. and W.S. corrected the manuscript, supervised all
works, and took part in the discussion.

Funding: This work was funded by the National Science Center, Poland (agreements nos. 2014/13/B/ST4/05013
and 2016/21/N/NZ1/02783).

Acknowledgments: The presented work was supported by statutory activity subsidies of the Polish Ministry
of Science and Higher Education for the Faculty of Chemistry of Wroclaw University of Science and
Technology and Intercollegiate Faculty of Biotechnology University of Gdansk and Medical University of Gdansk
(D530-M031-D712-17, 538-M031-B036-18). A.D. is supported by the Foundation for Polish Science (FNP), program
START 022.2018.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
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APM atmospheric-pressure micro-plasma
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CL Central Laboratory of Main Inspectorate of Plant Health and Seed Inspection
Cm Clavibacter michiganensis
dc-APGD direct current atmospheric pressure glow discharge
Dsol Dickeya solani
DLS dynamic light scattering
Eam Erwinia amylovora
EDX energy dispersive X-ray scattering
FAAS flame atomic absorption spectrometry
FLA flowing liquid anode
EPPO European and Mediterranean Plant Protection Organization
FRU fructose
FWHM full width at half maximum
HV high voltage

IFB
Intercollegiate Faculty of Biotechnology University of Gdansk and Medical University of
Gdansk

LSPR localized surface plasmon resonance
LMG Belgian coordinated collections of microorganisms
MBC minimal bactericidal concentration
McF McFarland scale
MIC minimal inhibitory concentration
NCPPB National collection of plant pathogenic bacteria
NPs nanoparticles
OD600 optical density at 600 nm
PEC pectins
PLIs plasma-liquid interactions
Rsol Ralstonia solanacearum
RONS reactive oxygen and nitrogen species
SAED selected area electron diffraction
SDS sodium dodecyl sulphate
TEM transmission electron microscopy
Xcc Xanthomonas campestris pv. campestris
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Abstract: A study was done on the effect of temperature and catalyst pre-treatment on CO
hydrogenation over plasma-synthesized catalysts during the Fischer–Tropsch synthesis (FTS).
Nanometric Co/C, Fe/C, and 50%Co-50%Fe/C catalysts with BET specific surface area of ~80 m2 g–1

were tested at a 2 MPa pressure and a gas hourly space velocity (GHSV) of 2000 cm3 h−1 g−1 of a
catalyst (at STP) in hydrogen-rich FTS feed gas (H2:CO = 2.2). After pre-treatment in both H2 and CO,
transmission electron microscopy (TEM) showed that the used catalysts shifted from a mono-modal
particle-size distribution (mean ~11 nm) to a multi-modal distribution with a substantial increase in
the smaller nanoparticles (~5 nm), which was statistically significant. Further characterization was
conducted by scanning electron microscopy (SEM with EDX elemental mapping), X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS). The average CO conversion at 500 K was 18%
(Co/C), 17% (Fe/C), and 16% (Co-Fe/C); 46%, 37%, and 57% at 520 K; and 85%, 86% and 71% at 540 K
respectively. The selectivity of Co/C for C5+ was ~98% with 8% gasoline, 61%, diesel and 28% wax
(fractions) at 500 K; 22% gasoline, 50% diesel, and 19% wax at 520 K; and 24% gasoline, 34% diesel,
and 11% wax at 540 K, besides CO2 and CH4 as by-products. Fe-containing catalysts manifested
similar trends, with a poor conformity to the Anderson–Schulz–Flory (ASF) product distribution.

Keywords: nano-catalysts; plasma synthesis; pre-treatment; CO-hydrogenation; low-temperature
Fischer–Tropsch

1. Introduction

Carbon is a very fascinating element because in the recent past, there has been substantial
evidence showing how the final carbon nanomaterial, its growth process, structural morphology and
microstructure can be modified by experimental parameters such as the source of carbon feedstock,
gas flow rate, synthesis temperature, and the type of catalyst used, including its composition,
shape, and particle size [1]. Due to the exceptional chemical, mechanical, electrical, and thermal
properties of carbon, its derivative nanostructures have been utilized in diverse fields [2], including the
development of semiconductors and application in electronics [3], production of nano-composite
materials [4], and chemically active sensors [5]. Magnetic carbon nanotubes (CNTs) can be found in
biomedical applications [6], carbon nanotropes for drug delivery [7], CNTs in field emission devices [8],
super-capacitors and batteries for energy storage [9], and high-performance energy conversion in
solar cells and fuel cells [10]. In all these emerging fields, the properties of novel nanometric materials
exhibit substantial variation from the bulk solid state due to their diminished size, for example, in data
storage devices and sensors, finely divided magnetic nanoparticles are most desirable [11].

Nanomaterials 2018, 8, 822; doi:10.3390/nano8100822 www.mdpi.com/journal/nanomaterials107
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Today, carbon-supported catalysts are receiving attention, especially in regard to their application
in the production of synthetic automobile fuels through the Fischer–Tropsch synthesis (FTS)
process [12]. Some authors have indicated that the presence of graphitic carbon in such catalysts
seems to enhance the hydrocarbon chain-growth probability [13]. The methods used to prepare these
FTS catalysts vary greatly, from incipient wetness impregnation [14] to micro-emulsion [15], sol-gel [16],
or colloidal synthesis, coupled with the chemical reduction of the metal salts [17]. Sometimes,
a combination of known methods is employed, which may involve precipitation and/or impregnation
steps [18], or co-precipitation of the metal salts [19]. Other catalyst preparation methods include
electrospinning [20], ion-exchange [21], pulsed electron beam ablation (PEBA) [22], carbon-vapor
deposition (CVD) [23], and the spray-drying technology [24]. In other works, the single roller
melt-spinning method has been used, which involves in situ carbidation through rapid quenching of
skeletal nano-crystalline Fe [25].

The production of FTS catalysts by induction suspension plasma-spray (SPS) technologies have
indicated the potential for commercialization [26]. Plasma technologies are becoming attractive due to
the shortened catalyst preparation time involved, in addition to the lower energy requirements,
production of highly distributed active species, enhanced selectivity, and catalyst lifetime [27].
Other characteristics presented by plasma synthesis include superior catalyst performance, with the
activity and selectivity of the catalysts being higher than those for catalysts prepared by impregnation
technology [28]. One disadvantage of the wet chemistry techniques that the plasma technologies
can easily overcome, is the requirement for stringent control of numerous synthesis parameters and
conditions [29], which lowers the process efficiency. This is far and above the need for synthesizing
the catalyst support material separately from the active phase that finally demands multi-step
activation [30].

Efforts to synthesize FTS catalysts through plasma commenced in the 1980s [31], enabling both
single-metal and bimetallic Co-Fe formulations to be produced [32]. Advanced materials such as the
photocatalytic Au-Ag core-shell nanoparticles have been synthesized using plasma, whose application
today goes beyond the production of FTS catalysts [33]. In fact, plasma techniques can successfully
be used both during the catalyst synthesis period [34], and at the pre-treatment stage to activate
the catalyst [35]. For example, as used in conventional calcination instead of applying excessively
high pre-treatment temperatures such as 973–1473 K [36], the as used in conventional calcination,
plasma-glow discharge (PGD) could be applied to lower the pre-treatment temperatures and still
produce smaller Co metal nanoparticles (<7 nm) [37], with a significant improvement to metal
dispersion as the particle size is shown to be a function of the PGD intensity [38].

Similarly, the dielectric-barrier discharge (DBD) plasma has been seen to promote FTS over
Cu/Co-based catalyst, at ambient pressure and much lower temperatures because they strongly
suppress CH4 production [39]. Non-thermal plasma (NTP) reactors, on the other hand, are currently
being considered as a viable alternative to the conventional FTS process because they perform reactions
rapidly, and may operate at ambient temperature, with or without a catalyst, in minimal space, and at
a low cost of maintenance [40]. This is because NTP reactors generate new reactive species through
plasma-photon emissions or thermal hot-spots that can initiate catalytic reactions when plasma is
combined with the catalyst [41].

Since plasma techniques present many positive effects leading to improved structural properties
of FTS catalysts, better metal dispersion, smaller metal cluster size, and more uniform particle size
distribution, they also decrease operational temperatures in FTS, with higher CO hydrogenation
activity, and better suppression of CH4 formation and coke deposition [42]. Therefore, the current
advancement in the production of synthetic fuels through FTS involves the application of induction SPS
technology in producing nanometric C-supported catalysts that inherently consist of active catalytic
species for FTS using Fe-based catalysts [26], as well as Co-based, and modified Co-Fe catalysts [43].

This paper is written in the context of earlier work and the novelty of this study encompasses
the production of C-supported multi-component FTS catalysts, which further generate structural
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variations in the catalysts when different pre-treatment procedures are employed. In this investigation,
a comparative study was conducted for FTS activity using three different plasma-synthesized catalysts
supported on carbon (that is, Co/C, Fe/C, and 50%Co-50%Fe/C formulations). The materials were
used to test the effect of (i) temperature, and (ii) the pre-treatment procedure on the FTS product
spectrum. An attempt to determine the catalysts’ α-values and the H2 utilization efficiency in the
process was made. Since some authors have shown that the selectivity of classical FTS catalysts towards
CH4 is significantly lowered when using a low molar H2:CO ratio in the gas feed [44], in this study,
changing the pre-treatment (or reduction) procedure of plasma-synthesized catalysts has achieved
similar results with H2-rich feeds, which is generally unusual.

2. Materials and Methods

2.1. Materials and Catalyst Synthesis

2.1.1. Materials

The raw materials used in this research included 99.8% Co metal (particle size: 1–10 μm),
from Aldrich (Milwaukee, WI, USA ); 99.9+% Fe metal (1–10 μm) from Alfa Aesar (Tewksbury,
MA USA); the following high purity gases: H2 (N5.0), CO (N2.5), and Ar (N5.0), from PRAXAIR
(Sherbrooke, QC, Canada); mineral oil with catalog name “O122-4, Mineral Oil, Heavy; USP/FCC
(Paraffin Oil, Heavy)” from Fisher Scientific (Ottawa, ON, Canada), and 99% squalane solvent from
Sigma-Aldrich, (Oakville, ON, Canada).

2.1.2. Catalyst Synthesis by Plasma

The plasma reactor used in catalyst synthesis is a high frequency (HF) 60 kW SPS system operating
on a plasma torch supplied by Tekna Inc. (Sherbrooke, QC, Canada), with the PL-50 coil and the
subsonic nozzle. In the sheath of the flame, the gas flow rates were set at 75 SLPM for Ar and
10 SLPM for H2 while the other Ar gas flow rates were 23 SLPM (Central gas) and 10.4 SLPM (Powder).
The voltage was set at ~6.6 kV, current 4.4 A, and 0.5 A (grounding) to provide an approximate 29-kW
power output.

In catalyst preparation, a mass of 60 g of the metal (Co-only, Fe-only or both in a predetermined
ratio, such as 50-50) were mixed with 300 cm3 of mineral oil by stirring for at least two hours in order to
form a homogeneous suspension. This suspension was then injected directly into the plasma at a flow
rate of 8.2 cm3.min−1. The plasma equipment is designed in such a way that samples may be collected
from both the primary (main) plasma reactor and the secondary (auxiliary) vessel serving to quench
the exiting gas [43]. Samples from each of these vessels were collected separately, although they are
generally identical in nature by chemical composition. However, certain subtle differences such as
particle size may cause their separation into the different vessels. In this study, samples of equal mass
were drawn from each vessel and mixed homogeneously before being tested.

2.2. Catalyst Testing and Experimental Methods

2.2.1. Catalyst Activity Testing

The catalysts were tested for Fischer–Tropsch activity in a 0.5 L purpose-made 3-phase-
continuously stirred tank slurry reactor (3-ϕ-CSTSR) supplied by Autoclave Engineers (Erie, PA,
USA). The initial results for single metal Co/C and Fe/C catalysts were benchmarked against the
commercial Fe/C catalyst and the results can be found in our earlier publication [45]. In addition,
details of the testing methodology and instrumentation for the data acquisition defining catalyst
activity by CO conversion in FTS can be found in the same article.

In this work, the plasma-synthesized catalysts (7.5 g each) were activated using several reducing
media in succession. The pre-treatment was necessary in order to gasify the excess carbon matrix from
the metal moieties. The materials were reduced at a constant temperature of 673 K (400 ◦C) in H2
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flowing at 250 cm3.min–1 for 24 h, followed by CO for 10 h and then H2 again for 10 h. After cooling
and purging with inert (Ar), the liquid phase was introduced into the vessel using 250 cm3 of squalene
solvent before CO hydrogenation was then conducted at various temperatures (500, 520, and 540 K)
under 2 MPa of pressure. The gas molar ratio used in FTS was H2:CO = 2.2 with the gas composition
comprising 65% H2 and 29% CO balanced in Ar, all flowing at 250 cm3.min–1 (STP), giving a gas hourly
specific velocity of GHSV = 2000 cm3.h–1.g–1 of the catalyst.

2.2.2. Catalyst Selectivity Determination

Two dedicated offline Varian CP-3800 Gas Chromatographs from Varian, Inc., (Walnut Creek,
CA, USA), were used to determine the catalysts’ selectivity. By integrating the area under each
product peak, one GC was used to calculate the selectivity of the gaseous products (e.g., CO2, CH4,
C2H6). After a period of 24 h of catalyst testing, the slurry was sampled, filtered, and injected into
the second GC, with selectivity towards each hydrocarbon being determined by peak integration.
Full details of the method and approach used to establish the catalyst selectivity can be found in an
earlier publication [46]. From the results obtained, plots of selectivity against the hydrocarbon chain
length were used to determine the α–values of the catalysts, calculated from their kinetic data using
Equations (1) and (2) of the Anderson–Schulz–Flory (ASF) model as done before [47], but in this study,
it is done under different FTS reaction conditions.

Mn

n
= (1 − α)2.α(n−1) (1)

ln
(

Mn

n

)
= n lnα+ ln

[
(1 − α)2

α

]
(2)

where:

Mn = mole fraction of a hydrocarbon with chain length n
n = total number of carbon atoms in the hydrocarbon chain
α = probability of chain growth (α < 1)
(1 − α) = probability of chain termination

2.3. Catalyst Characterization

2.3.1. BET Surface Area Analysis

The fresh samples were characterized by the Brunauer-Emmett-Teller (BET) surface area analysis
using an Accelerated Surface Area Porosimeter (ASAP 2020) from Micromeritics Instrument Corp.
(Norcross, GA, USA). Full details of the analysis procedure and test conditions for the BET specific
surface area determinations are available in an earlier publication [43]. However, in summary,
the samples were degassed at 383 K (110 ◦C) for 16 h until a pressure of less than 10 μm Hg (1 Pa) was
obtained in the sample holder, and BET physisorption was carried out using N2 gas under liquid N2 at
77 K (−196 ◦C).

2.3.2. Microscopic Analysis

The Hitachi S-4700 Scanning electron microscope (SEM) from Hitachi High-Technologies Corp.
(Tokyo, Japan) was used to examine the morphological properties of the catalysts, capturing both
secondary and backscattered images. An inbuilt X-Max Oxford EDX (energy dispersive X-ray)
spectrometer coupled to the SEM (Hitachi, Tokyo, Japan) was used for elemental analysis, while X-ray
elemental mapping visually indicated the degree of dispersion of the metals in the carbon matrix.
Transmission electron microscopy (TEM) was conducted on a Hitachi H-7500 instrument supplied
by Hitachi High-Technologies Corp. (Tokyo, Japan), with sample images captured by means of a
bottom-mounted AMT 4k x 4k CCD Camera System Model X41, and the analysis details are available
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in earlier works [48]. The Nano-measurer version 1.2 “Scion Imager” software was used to analyze the
metal nanoparticle size distribution. In order to determine whether a significant difference existed
between the various population sets in the particle size analysis, a t-test was applied using grouped
data of 300 metal nanoparticles each.

2.3.3. X-ray Photoelectron Spectroscopy (XPS)

Elemental composition and the oxidation states of the fresh catalysts were determined by an XPS
Kratos Axis Ultra DLD spectrometer from PANalytical B.V. (Almelo, The Netherlands), with sample
excitation coming from the monochromatized AlKα line (1486.6 eV) with applied power of 225 W.
The analyzer operated in a constant pass energy mode with PE = 160 eV for the survey scans and
Epass = 20 eV for the high-resolution scans. The work function of the instrument was calibrated
to give a binding energy (BE) of 83.96 eV for the 4f7/2 line of metallic Au. The dispersion of the
spectrometer was adjusted to a BE of 93.62 eV for the 2p3/2 line of metallic Cu. The powdered catalysts
were mounted on non-conductive adhesive tape. A charge neutralizer was used on all samples to
compensate for the charging effect. Charge corrections were done using the graphitic peak set at
284.5 eV.

The Casa XPS software (version 2.3.18) was employed for data analysis. The fitting parameters
for the high-resolution Fe 2p and Co 2p spectra were derived from the literature [49]. Since the XPS
machine used in the present analysis was similar to the model used in the reference under identical
experimental conditions [50], the asymmetric model specified by the XPS reference webpages was
used for the fitting parameters of the graphitic C 1s. Data fitting was performed to ensure that the
models were within a standard deviation of less than 2, as indicated in our earlier work [48].

2.3.4. X-ray Diffraction (XRD) Analysis

The Philips X’pert PRO Diffractometer from PANalytical B.V. (Almelo, The Netherlands) was used
for the powder-XRD analysis in this study. Having been fitted with Ni-filters for the Cu Kα radiation
produced at 40 kV and 50 mA with wavelength alpha1 as (λ = 1.540598 Å), the instrument was set in
the Bragg-Brentano configuration with a proportional Xe point detector, and the diffractometer was
operated on the factory-installed Analytical Data Collector software. The XRD patterns were recorded
in the range of 5◦ and 110◦ [2θ] for an acquisition time of 4 h per sample. Data collection and analysis
was conducted using the Materials Data Inc. software: the MDI JADE 2010 (version 6.7.0 @ 2018-01-31),
and the collected data were compared with the Powder Diffraction Files in the Database (version
4.1801) using the PDF-4+ software 2018 (version 4.18.02), published by the International Centre for
Diffraction Data (ICDD). A Rietveld quantitative analysis (RQA), which involves quantification of
each phase in the material was modeled using the HighScore Plus software (V4.7) in conjunction
with the XRD analysis, and details of the methodology used are provided in our earlier works [46].
Characterized by Equation (3), the curve fitting for RQA attempted to determine the amount of each
species in the used catalysts [51].

Wp =
Sp(ZMV)p

∑n
i=1 Si(ZMV)i

(3)

where

Wp = relative weight fraction of phase p in a mixture of n phases,
Sp = Rietveld scale factor,
Z = number of formula units per cell,
M = mass of the formula unit (in atomic mass units), and
V = the unit cell volume (in Å3).
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3. Results

3.1. Catalyst Testing

3.1.1. Activity Determination by CO and H2 Conversion

Figure 1 shows that a rise in temperature increased catalyst activity for CO hydrogenation,
with FTS operating at 2 MPa pressure and GHSV = 2000 cm3.h−1.g−1 of the catalyst. An identical
temperature profile was used in catalyst testing at 500 K for the first 5 h, then ramped and held at
540 K for the next 19 h, and finally dropped to 520 K and held there for another 24 h.

Figure 1. The activity of (a) Co/C, (b) Fe/C, and (c) Co-Fe/C catalysts tested at 500 K, 520 K, and 540
K (pressure = 2 MPa; GHSV = 2000 cm3 h−1 g−1 of the catalyst) indicating the CO and H2 conversions.

The respective CO conversions recorded (at 500 K, 520 K, and 540 K) averaged 18%, 46%, and 85%
for the Co/C catalyst; 17%, 37%, and 86% for the Fe/C catalyst; and 16%, 57% and 71% for the
Co-Fe/C catalyst. It was expected that in a hydrogen-deficient feed stream, high selectivity towards
the production of alkenes is most likely to occur as shown by Equation (4), while in hydrogen-rich
feed streams, as is the case in this study (H2:CO = 2.2), selectivity should lean towards the production
of alkanes according to Equation (5). It has been observed that CH4 production, which is indicated by
Equation (6) becomes rampant at elevated temperatures, enhanced by hydrogen-rich feed streams.
An active water-gas shift (WGS) catalyst should convert some of the H2O generated in Equations
(4)–(6) into CO2 and H2, thereby enriching the H2 feed stream as given in Equation (7).

2n H2 + n CO → CnH2n + n H2O (4)
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(2n+1) H2 + n CO → CnH2n+2 + n H2O (5)

3 H2 + CO → CH4 + H2O (6)

H2O + CO → CO2 + H2 (7)

From the gas-product analysis by GC, generally, there was a significant formation of CH4 observed
followed immediately by almost a non-existent (C2–C4) portion, with very little of C2H6 and C2H4

observed (amounting to ~1%, when combined), and no C3 and C4 were detected. The other products
from C5 and above were analyzed by the liquid-based GC. Figure 2 provides extra data for the Co/C
catalyst, which was tested beyond the 48 h window and it shows that the catalytic activity at 500 K
stabilized at a much lower value (~18%) than the initial activity recorded within the first 5 h on stream
(~40%). It is suspected that the drop in catalytic activity by the third day was probably not a sign
of catalyst deactivation, but rather due to the competition for the active sites by both the feed gas
and the accumulated FTS products. This is because by the third day the reactor was already full of
the FTS products, as shown in Figure 3 by the massive presence of wax in the reactor. Nonetheless,
the catalyst showed a remarkably low production of CO2 (0.2%) and CH4 (1.9%), both of which are
considered as undesirable by-products. Although the catalyst may have recorded a lower activity after
48 h of operation probably due to the variation in the reactor environment with time-on-stream (TOS),
a lower catalytic activity is usually preferred when accompanied by a high selectivity than with a poor
selectivity as the unreacted feedstock in the exit gases can always be recycled.

Figure 2. The activity of the Co/C catalyst extended to 72 h on stream at 500 K, 2 MPa and GHSV =
2000 cm3 h−1 g−1 of the catalyst.

 

Figure 3. The sample pictures showing a massive wax formation in the reactor after an FTS reaction by
carbon-supported catalysts that are evidently black with the wax being conspicuously white.
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Since Figure 1 indicates the perpetual switching of the feed-gas consumption as sometimes the
CO conversion was higher, equal, or lower than that of H2, dividing the H2 conversion by that of CO
defined the H2:CO uptake ratio. See the summary of results in Table 1., which shows the aggregated
fractions as light gases (C2–C4); gasoline fraction (C5–C12); diesel (C13–C20), and waxes (C21+).

Table 1. The summarized performance data of the Co/C, Fe/C and 50%Co-50%Fe/C catalysts tested
at various temperatures using 2 MPa pressure, and GHSV = 2000 cm3 h−1 g−1 of the catalyst.

Catalyst T (K)
Conversion (mol. %) Selectivity (mol. % C) ASF Model

H2 CO H2:CO Ratio CO2 CH4 C2–C4 C5–C12 C13–C20 C21+ α-Value Fit (R2)

Co/C

500 25.2 17.5 1.5 0.2 1.9 0.2 8.4 61.3 28.1 0.84 0.67
520 53.4 46.2 1.2 1.7 5.9 0.4 22.2 49.9 19.1 0.89 0.84
540 76.9 85.0 0.9 13.7 16.4 1.2 24.0 34.2 10.5 0.85 0.90

Co-Fe/C

500 19.5 15.8 1.2 1.3 3.2 0.5 - - - - -
520 59.9 57.4 1.0 5.3 8.8 0.9 22.7 43.0 19.3 0.88 0.87
540 60.2 71.1 0.8 11.0 11.4 1.6 31.7 23.7 20.7 0.85 0.79

Fe/C

500 21.2 17.0 1.3 1.0 2.0 0.3 - - - - -
520 31.1 37.3 0.8 5.2 5.1 1.0 9.1 44.8 34.8 0.86 0.31
540 51.7 86.0 0.6 18.5 11.4 2.1 24.1 31.3 12.8 0.88 0.72

The evident change in the H2 and CO conversions whose ratio waswhich being either below
or above equity was probably due to the formation of different products; for example, more H2 is
required in CH4 production, which usually occurs at elevated temperatures, according to Equation (6).
Increasing temperature lowered the H2:CO uptake ratio gradually as depicted in Figure 4, as follows:
1.5, 1.2, and 0.9 for the Co/C catalyst (at 500 K, 520 K, and 540 K respectively), 1.3, 0.8, and 0.6 for
the Fe/C catalyst and 1.2, 1.0, and 0.8 for the 50%Co-50%Fe/C catalyst. This means that Co/C was
the most efficient catalyst in the H2 utilization and that at lower temperatures, more H2 was utilized
in CO hydrogenation, while at higher temperatures, a significant quantity of CO converted did not
incorporate H2 into the FTS products.

Figure 4. The H2:CO ratio, r, which indicates that all the catalysts, at higher temperatures, converted
more CO to form CO2 and probably with increased water-gas shift, FTS demanded less H2.

It was evident that at higher temperatures (540 K), more CO2 was produced by all the three
catalysts (~19% for Fe/C, ~14% for Co/C, and 11% for Co-Fe/C) and presumably with increased
water-gas shift, FTS would demand less from the H2 feed as the system is enriched with the H2,
according to Equation (5). One striking observation made was that since the original intention of this
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study was to test the catalysts for high-temperature (HT)-FTS, which normally operates above 600 K,
but the H2 utilization was already very poor at 540 K (with large quantities of the CO feed going
to CO2 and CH4). This led to the conclusion that nanometric plasma-synthesized catalysts are well
designed for LT-FTS operations only (below 520 K).

3.1.2. Selectivity Results

As expected, higher temperatures enhanced gasoline production, while lower temperatures
enriched the diesel fraction. At 500 K, the Co/C catalyst produced 8% gasoline, 61% diesel, and 28%
wax. At 520 K, Co/C produced 22% gasoline, 50% diesel and 19% wax, while at 540 K, it generated
24% gasoline, 34% diesel, and 11% wax.

A pictorial is provided in Figure 5 to demonstrate the shift in the FTS product-distribution
towards the left brought about by the influence of temperature, while Figure 6 shows their aggregated
fractions. At 500 K, this catalyst produced only about 0.2% CO2 and 2% CH4, and approximately
2% CO2 and 6% CH4 at 520 K, but a whopping 14% CO2 and 16% CH4 at 540 K. On the other hand,
at 520 K, the single-metal Fe/C sample produced 9% gasoline, 45% diesel, and 35% wax, while at
540 K, its selectivity was 24% towards gasoline, 31% diesel and 13% wax.

Figure 5. The selectivity plots of the Co/C catalyst tested at 500 K, 520 K and 540 K, 2 MPa pressure,
and GHSV = 2000 cm3 h−1 g−1 of the catalyst.

Figure 6. The aggregated product fractions of the Co/C catalyst tested at 500 K, 520 K, and 540 K
(pressure = 2 MPa; GHSV = 2000 cm3 h−1 g−1 of the catalyst).
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Figure 7 depicts similar trends from the Fe-containing formulations, especially the Co-Fe/C
bimetallic catalyst, which produced 23% gasoline, 43% diesel, and 19% wax at 520 K; and 32% gasoline,
24% diesel and 21% wax at 540 K, except that the Fe/C catalyst produced significantly more wax (35%)
at 520 K than the bimetallic Co-Fe/C sample (19%). In addition, the Fe/C catalyst produced more CO2

(19%) than the bimetallic Co-Fe/C catalyst (11% CO2) at 540 K, probably due to the higher WGS activity,
but both catalysts generated similar quantities of CH4 (11%). However, at 520 K, both Fe-containing
catalysts showed equal selectivity towards CO2 (5%), but the bimetallic Co-Fe/C sample produced
more CH4 (9%) than the Fe/C (5%).

Figure 7. The aggregate selectivity of (a) Fe/C and (b) Co-Fe/C catalysts tested at 520 K and 540 K
(pressure = 2 MPa; GHSV = 2000 cm3 h−1 g−1 of the catalyst).

3.1.3. Alpha (α-Value) Determination

From the catalyst selectivity and hydrocarbon distribution, kinetic data applying the
Anderson–Schulz–Flory (ASF) model were used to determine the catalysts’ α–values. These are
interpreted to be the relationship between the rate of chain propagation and the rate of chain
termination. Usually the selectivity (Mn), obtained from mass or mol. % contributed by each
hydrocarbon is plotted as natural log of (Mn/n) against the hydrocarbon distribution, (with n depicting
the number of carbon atoms in each hydrocarbon chain). Figure 8 provides plots of the Co/C catalyst,
with Figure 8a showing the full product distribution including CH4 at 500, 520 and 540 K. Since the
sample tested at 500 K showed a significant deviation from the ASF model, this plot was isolated and
Figure 8b shows the better fitting plots within the C5–C26 portion (at 520 K, α = 0.89, with a regression
fitting, R2 of 0.84; and at 540 K, α = 0.85 with R2 = 0.90).

The results of the catalysts with a less perfect fitting to the ASF model are given in Figure 9,
where Figure 9a provides the α–values of the bimetallic Co-Fe/C sample tested at 520 K (α = 0.88 with
R2 = 0.87) and at 540 K (α = 0.85, R2 = 0.79). Figure 9b represents results of the single-metal catalysts
fitted in the range of C12–C26 in order to enhance the fitting, with the Co/C tested at 500 K (α = 0.84,
R2 = 0.67), and Fe/C tested at 520 K (α = 0.86, R2 = 0.31), and 540 K (α = 0.88 with R2 = 0.72). Due to
the fact that the catalysts’ selectivity data did not seem to conform to the typical linear ASF distribution,
an attempt was made to estimate their α–values using the higher molecular weight hydrocarbons
from n = 12. The catalysts’ estimated α–values were found to be in the range between 0.84–0.89,
although with poor linear regression fits.
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Figure 8. Modeling the ASF kinetics from selectivity data of the Co/C sample (a) at 500, 520, and 540 K,
and (b) at 520 and 540 K.

Figure 9. Modelling ASF kinetics using selectivity data of the (a) Co-Fe/C and (b) single-metal Co/C
sample tested at 500 K, and the Fe/C sample tested at 520 K and 540 K.

Table 1 summarizes all the raw data obtained for the catalyst performance in CO hydrogenation
including their activity and selectivity, the probability of H2 utilization as indicated by the ratio of
H2:CO uptake, as well as the estimated α–values with their corresponding linear regression data (R2).
Since the ASF model favours production of the lighter hydrocarbons, formation of longer hydrocarbon
chains in significant quantities will likely distort the pattern. In our earlier work, it was observed that
various issues can affect conformity to the ASF model especially from poor solubility of the heavier
components of the product stream. When some products fail to accumulate in the solvent during
sampling, it can lead to a negative deviation from the α-values as predicted by the ASF model [47].

3.2. Catalyst Characterization

3.2.1. BET Surface Area Analysis

Catalyst characterization by BET analysis indicated that all the plasma-produced samples were
almost identical, being both nanometric and non-porous in nature, as shown in Table 2. The BET specific
surface area was in the range of 73–80 m2 g−1, and the average pore volume by Barrett-Joyner-Halenda
(BJH) model was approximately 0.23 cm3 g−1, which principally arises from the interstitial volume of
the nanometric carbon, while the average pore diameter (by 4V/A) was about 14 nm.
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Table 2. The catalyst porosity analysis by the BET method.

Material
BET Specific Surface Area

(m2 g−1)
Average Pore Volume

(cm3 g−1)
Average Pore Diameter,

4V/A (nm)

Co/C 75.7 ± 0.3 0.225 13.6
Co-Fe/C 79.6 ± 0.3 0.225 13.3

Fe/C 73.3 ± 0.2 0.230 14.3

The porosity witnessed here could be associated with the packing of the nano-carbon powder
particles since the superimposed isotherms (Type II) as indicated in Figure 10a shows that the samples
are indeed non-porous [52]. Figure 10b provides the pore distribution plots proving that the samples
are nanometric with limited micro-porosity (below 2 nm), while the augmented meso-porosity in the
Co-Fe/C could be due to the larger metal nanoparticle size in the carbon support that subsequently
creates sizeable interstitial voids in the nanomaterials.Some authors have found that the catalyst
with BET specific surface areas of 40–60 m2 g−1 had similar average pore volumes in the range of
0.19–0.22 cm3 g−1, with the average pore diameter of about 14–22 nm [53]. This contrasts with other
Fe-based FTS catalysts supported on spherical mesoporous carbon (SMC), exhibiting an order of
magnitude higher in porosity, with a pore volume of 2.22 cm3 g−1 and a BET specific surface area of
767 m2 g−1 [54].

 

Figure 10. Plots showing (a) the adsorption-desorption isotherms of the fresh Co-Fe/C sample, and (b)
the pore size distribution by the BET surface area analysis.

3.2.2. Scanning Electron Microscopy (SEM)

SEM imaging coupled with X-ray analytical methods (EDX mapping and spectroscopy) showed
that all the catalysts (fresh and used) comprised uniformly dispersed metal moieties in the carbon
support matrix as seen in Figure 11. Elemental analysis by X-ray mapping in the used catalysts
confirmed that catalyst synthesis using plasma technology creates well-distributed metal nanoparticles
in the materials, irrespective of the metal composition. The waxes generated during FTS were quite
revealing as seen in the secondary electron images of Figure 11a.
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(a) Secondary electron image                  (b) EDX mapping                             (c) EDX Spectrum
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Figure 11. Sample SEM images of the used catalysts: (i) Co/C (ii) Fe/C and (iii) Co-Fe/C displaying
(a) secondary electron images. (b) elemental EDX mapping, and (c) EDX spectra.

3.2.3. Transmission Electron Microscopy (TEM)

The analysis of 600 nanoparticles per sample by TEM imaging showed that both the used single
metal Co/C and Fe/C catalysts had a bimodal distribution of small nanoparticles in the range below
5 nm and then at approximately 10 nm as shown in Figure 12a for the Co/C catalyst and Figure 12b
for the Fe/C catalyst. The used bimetallic Co-Fe/C catalyst displayed a multi-modal nanoparticle
distribution since certain catalyst sections were composed of nanoparticles predominantly below 5 nm,
while other areas revealed nano-particles with a mean in the range of ~10 nm, as shown in Figure 12c.
This occurrence was identical to that in single metal catalysts.

Additionally, the used Co-Fe/C bimetallic catalyst contained much larger nanoparticles, some of
which were stretching beyond 20 nm, accompanied by the presence of carbon nanofilaments (CNFs)
as seen in Figure 12d. Supplementary images are provided in Figure 13a for the freshly synthesized
Co-Fe/C sample through plasma, contrasted with Figure 13b that represents the same, but used catalyst
sample after FTS reaction where CO was used in the catalyst pre-treatment procedure. The presence
of CNFs are unique to Fe-containing catalysts when reduced in CO, since a H2 reduction does not
produce similar results.

The t-test was therefore introduced to determine how significantly different these populations
were from each other in each catalyst. It was observed that a freshly synthesized Co/C sample left the
plasma reactor with a mono-modal particle-size distribution, as seen in Figure 14a [47], and the same
particle-size distribution persisted in the used samples when pre-treated in H2 only [46]. However,
by interrupting the H2 pre-treatment by a 10-h CO-reduction in-between, (as is the case in this work),
a bimodal particle-size distribution emerged as portrayed by Figure 14b.
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Figure 12. The TEM images of the used (a) Co/C (b) Fe/C and (c) Co-Fe/C catalysts with some sections
having nanoparticles predominantly below ~5 nm, or ~10 nm, and (d) sections of the Co-Fe/C catalyst
with larger nanoparticles ~20 nm and CNFs.
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Figure 13. TEM images of the Co-Fe/C catalyst (a) freshly synthesized by plasma, and (b) after
pre-treatment in CO, indicating formation of carbon nanofilaments (CNFs).

It was observed that the t-test for the used Co/C catalyst, which was reduced in both H2 and CO
generated a t-value of 24, indicating that the two distributions were significantly different; with one
population having a mean particle size of 6.1 nm, while the other one was 12.3 nm. Since plasma
produces materials that are quenched before attaining equilibrium, this implies that strategically,
plasma-derived catalyst materials can be manipulated to produce multiple morphologies during
catalyst activation, alongside achieving desirable variations in activity and selectivity during the FTS
reaction. These attributes can be utilized to modify catalyst performance.
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Figure 14. The particle size analysis by TEM imaging showing (a) a mono-modal nanoparticle
distribution in the fresh Co/C catalyst [47]. (b) Bi-modal distribution in the used Co/C. (c) Bi-modal
distribution in the Fe/C sample, and (d) multi-modal distribution in the used Co-Fe/C catalyst.

Similarly, the fresh Fe/C catalyst had a mono-modal nanoparticle-size distribution, but became
bimodal after the FTS reaction, (or rather after CO-reduction), as seen in Figure 14c. This finding
contrasts remarkably with our earlier work [46], whereby no major disparity was observed in the
morphology and particle-size distribution of the fresh and used plasma-synthesized catalysts that were
pre-treated in pure H2 only at the same temperature (673 K) for 24 h, the morphology and particle-size
distribution did not vary much. However, in this study, the impact of the CO pre-treatment (10 h)
was substantial, producing a clear variation in the particle-size distribution. Since one population
of the used catalyst had a mean of 4.2 nm, while the other one had a mean of 9.0 nm, statistically,
the two distributions were seen to be significantly different from each other, with a t-value of 74.
Moreover, the used bimetallic Co-Fe/C catalyst showed a wide variety of features, ranging from a
narrow distribution of nanoparticles with mean 4.9 nm to a broader distribution of nanoparticles
ranging from 6.0 nm to 40 nm (mean = 19.2), interjected by the presence of CNFs. Figure 14d shows a
t-value of −34 for the Co-Fe/C sample, and Table 3 summarizes all these findings, where s.d. is the
standard deviation (σ).

Table 3. Comparing particle size distribution in used catalyst samples by a t-test.

Catalyst
Smaller Particles Larger Particles

t-Value
Mean Size (nm) s.d. (σ) Mean Size (nm) s.d. (σ)

Co/C 6.1 1.7 12.3 4.1 24.0
Fe/C 4.2 0.3 9.0 1.1 73.5

Co/Fe/C 4.9 1.8 19.2 7.2 −33.5
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3.2.4. X-ray Photoelectron Spectroscopy (XPS)

An XPS analysis of the fresh single metal catalysts (Co/C and Fe/C) shown in Figure 15a,b,
respectively, has been published in an earlier article [48], and are only provided here for the sake of the
reader and the completeness of the discussion. The chemical composition of these samples revealed
that the predominant species in the Co-based catalyst was metallic (Co0) with virtually no oxides
detected, while the Fe/C sample comprised both the metallic (Fe0) species and the mixed ionic species
(Fe2+/Fe3+) on the surface of the material.

Figure 15. The XPS analysis of the fresh (a) Co/C and (b) Fe/C catalysts. Reproduced with permission
from Reference [48]. Copyright Springer, 2018.

XPS results of the 50%Co-50%Fe/C bimetallic catalyst are presented here for the first time and the
intense asymmetric Co 2p3/2 peak at 779 eV shown in Figure 16a signify and confirm the presence
of the metallic (Co0) species. In close proximity is the broad Auger peak at 784 eV for metallic Fe
(LMM). On the other hand, the intense Fe 2p3/2 peak at 707 eV in Figure 16b identified the metallic
Fe0 species, while the metallic Co (LMM) Auger peak at around 712 eV was sandwiched between
the metallic Fe 2p3/2 at 707 eV and the Fe 2p1/2 at 721 eV. The standard deviation (s.d.) of fitting
the envelope to the data was 0.9382, but 0.9379 when the fit included a carbide (Fe3C) peak at 708 eV,
which made the presence of carbides in the samples doubtful since the difference in the s.d. was
practically inconsequential.

Figure 16. The XPS analysis of (a) Co metal, and (b) Fe metal in the fresh Co-Fe/C catalyst samples
collected from the main plasma reactor.
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In observing the C-peak with a binding energy of 284 eV in the bimetallic Co-Fe/C catalyst,
two different types of carbon were found in the catalyst, and when quantified as shown in Figure 17,
the support was predominantly graphitic-C (G), which comprised about 63–64% and partly amorphous
or disordered-C (D) with 36–37%. The G-component was confirmed by the (π → π*) transition peak
displayed at about 289 eV, seen in Figure 17a, although a bit diminished in Figure 17b.

Figure 17. The XPS plots quantifying the C-support in the fresh Co-Fe/C catalyst samples collected
from (a) the main plasma reactor and (b) the secondary plasma reactor.

3.2.5. X-ray Diffraction (XRD)

Several unique challenges exist with XRD analysis of our samples because the isolation
of used catalysts from the FTS products is difficult and it prevents proper sample analysis.
For example, cleaning the sample from the FTS oils and waxes oxidizes it immediately because
the plasma-synthesized samples are potentially pyrophoric and cleaning the samples defeats the
purpose of the analysis. Consequently, oily slurries from the FTS reactor were used in the XRD
analyses. Figure 18a,c,e indicate the XRD patterns of the freshly synthesized catalyst samples. However,
huge broad peaks appear in the XRD spectra of the used samples below a 30◦ [2θ]-angle, as shown
in Figure 18b,d,f, indicating that the samples are highly amorphous, which is not necessarily true.
All the used samples largely contained the G(2H)-phase, graphite of the hexagonal crystal structure.
This means that during gasification, the D-phase was most likely eliminated.

It has been advanced that the chemical versatility of carbon, especially its high catenation
power (to form longer chains and structures) enhances its capacity for sp2 to sp3 hybridization
and extraordinarily binds to other atoms [2]. In view of this, we suspect that sp-orbital hybridization is
the main reason why the metal moieties in the materials get encapsulated by G, in addition to causing
the growth of CNFs.
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Figure 18. The XRD patterns of the catalyst samples for (a) fresh Co/C (b) used Co/C (c) fresh Co-Fe/C,
(d) used Co-Fe/C (e) fresh Fe/C and (f) used Fe/C.

Nonetheless, since some significant differences were conspicuous in the XRD patterns of the
fresh and used samples, phase quantification by RQA was attempted, with peak fitting done only
for the phases containing Co and Fe, while excluding carbon’s G(2H) and the D peaks appearing
below 30◦ [2θ]-angle. After eliminating all amorphicity, Figure 19a–c depict the XRD patterns and
their residuals arising from the RQA curve fittings for the used Co/C, Co-Fe/C bimetallic and Fe/C
samples, respectively.

Table 4 summarizes the RQA results showing that the single-metal catalysts contained a significant
amount of metallic species, where the Co/C sample composed a predominantly face-centered cubic
(FCC) crystal structure (62.3%) and some hexagonal closed packed (HCP) crystal structure (37.7%).
Both phases appeared in the used sample in the same ratio as the original fresh Co metal that was
injected into the plasma, having comprised two phases (62% FCC, and 38% HCP) as analyzed earlier
by RQA [45]. In another previous study, it was evident that the HCP phase was vanquished by plasma
as observed from both the fresh catalyst and the used sample after pre-treatment in H2 alone [47].
However, in this work, the HCP phase seems to be regenerated in the used sample after exposure to a
CO reduction.

The Fe/C sample on the other hand, contained mainly the α–Fe phase of metallic iron (29%)
having the FCC crystal structure. Besides, carbide and oxide phases were identified in the used Fe/C
sample (48% Fe3C and 23% Fe3O4; magnetite), both of which were also found in the used bimetallic
Co-Fe/C catalyst (31% Fe3C and 10% Fe3O4). Moreover, the Co-Fe/C catalyst contained the following
pure metallic phases: the Co0 (13% FCC) and α–Fe0 (33% FCC) crystal structures. There were also
nano-alloy structures chiefly of the Fe3Co form detected in the bimetallic sample (14%).
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Figure 19. The RQA curve fitting of the used (a) Co/C (b) Co-Fe/C, and (c) Fe/C catalyst samples by
XRD analysis.
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Table 4. Calculated phase composition of used catalyst samples by RQA from XRD analysis.

Analysis Property
Co/C Co-Fe/C Fe/C

Phase (%) Phase (%) Phase (%)

XRD
(spectral data)

Metallic species Co (FCC) *
Co (HCP) **

62.3
37.7

Co (FCC)
α-Fe (FCC) *

12.5
33.1 α-Fe (FCC) * 29.1

Nano-alloys – – Fe3Co 14.0 – –
Carbides – – Fe3C# 30.9 Fe3C 48.1
Oxides – – Fe3O4

θ 9.5 Fe3O4 22.8

RQA
(statistical data)

R(expected), (Rexp) 5.6 5.0 6.5
R(profile), (Rp) 5.8 4.1 7.3

R(weighted profile), (Rwp) 7.4 5.3 9.4
GOFβ 1.8 1.1 2.1

FCC = Face-centered cubic crystal structure (*predominant phase); HCP = hexagonal close packed crystal structure
(**minor phase); Fe3C# = Cohenite; Fe3O4

θ = Magnetite; GOF β = goodness of fit (χ2) = (Rwp/Rexp)2 ≈ 1; R-factors:
the Rietveld algorithm optimizes the model function to minimize the weighted sum of squared differences between
the observed and computed intensity values; Rp = minimized quantity during fitting procedures (by least-squares);
Rexp = expected R, or the “best possible “Rwp” factor; Rwp = weighted profile (R-factor); weighted to emphasize
peak intensity over background.

4. Discussion

4.1. Influence of Pre-Treatment Procedure on Catalyst Activity

A comparative study has been conducted for Fischer–Tropsch catalysis using three different
plasma-synthesized catalyst formulations supported on carbon (that is, Co/C, Fe/C and the Co-Fe/C).
To contextualize the current investigation, earlier studies showed that in order to expose the reactants
to the metal nanoparticles in plasma-synthesized catalysts to the reactants, some of the excess C-matrix
must be extracted by gasifying the C into CH4 and other gaseous products [55]. However, in some
cases, the over-reduction, particularly of the Fe-based samples, was observed to lower catalytic activity
as it ruined the carbidic phase, which is deemed to be the active species in FTS; and incidentally,
it was found that the plasma-synthesized Fe catalyst was more sensitive to the reduction procedure
(e.g., temperature, time) than the Co-based catalyst [46].

Moreover, when samples were pre-treated in pure H2 alone (e.g., Co/C at 673 K), the catalyst
was observed to deactivate more rapidly with TOS than the samples reduced in CO followed by a H2

reduction [52]. Furthermore, the samples that were pre-treated in CO followed by a H2 reduction were
observed to be comparatively more effective in CO hydrogenation than those reduced in H2 alone
since a CO-reduction step limited the production of CO2 as a side FTS product. The CO-reduction step
in catalyst pre-treatment has been shown to produce a more stable catalyst over TOS [52], accompanied
by a lower H2O production [56].

In the current investigation, a 3-step reduction was initiated: the first H2 reduction was to gasify
the excess C-matrix around the metal nanoparticles, followed by carburization using a CO-reduction
step to activate the catalysts towards a higher selectivity for FTS products, especially in the Fe-based
catalysts on order to produce the metal-carbide phase. The final H2 reduction was to ensure that any
possible C-deposits created during CO-reduction were also gasified, while any Co carbides formed
in the samples were converted back into the active metallic form [57]. In short, since we know from
past studies that H2-reduction does not affect the morphology of the catalyst [46], this protocol can be
viewed as a 44-h H2-reduction interrupted by a 10-h introduction of CO in the reducing medium after
24 h. It is therefore assumed that higher catalytic activity and the various morphologies generated in
the used catalysts came about as a result of the carburization with CO.

Reduction with H2 at 673 K has been shown to restore the catalyst activity, particularly from
depositions of “free” carbon, although bulk-phase carbides existing at temperatures below 550 K could
also caused a marked decrease in activity [58]. From Figures 1 and 2, it was observed that after each
24-h experimental run, the samples were still active at every operational temperature, with very little
signs of deactivation. The possible deactivation is attributed to the increasing H2O vapor pressure in
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the system. This, therefore, means that the carburization step in combination with the H2-reduction
cycles promotes the production of active and stable catalysts online, besides being highly selective for
CO hydrogenation towards the formation of C5+ fraction.

4.2. Temperature Effect on Hydrogen Utilization Efficiency in CO hydrogenation

Earlier work with the 50%Co-50%Fe/C formulation indicated that the catalyst produces less
H2O in FTS (at 533 K, 2 MPa, and H2:CO = 2.0) when reduced in CO only than when reduced in H2

only [56]. Recent work with the Co/C catalyst showed that successive reductions in CO followed by H2

improves the catalyst performance (at 518 K, 2.2 MPa, and H2:CO = 1.7), producing relatively less H2O
when compared to the sample that was reduced in H2 only [52]. In this work, both the above-named
catalysts (Co/C, Co-Fe/C) in addition to the Fe/C one have been reduced successively, first in pure
H2, then in pure CO and finally in pure H2 again. Consequently, a higher degree of H2-incorporation
into the FTS products was evident from these samples at lower FTS temperatures, and an increase in
temperature produced a gradual decrease in the H2:CO uptake ratio. It was observed that a significant
quantity of the converted CO formed either CO2 or CH4 at the higher temperatures, leading to poor
CO hydrogenation towards the C5+ fraction.

Some authors have shown that increasing FTS reaction temperature lowers the probability of
hydrocarbon growth and, hence, the catalyst’s α-value. This means lower C5+ selectivity and higher
CH4 production [59], mainly due to higher products desorption rates and lower molecules’ residence
time on the catalyst surface. Therefore, in agreement, this work shows that at 540 K, the product
spectrum was richer in gasoline fraction due to the predominant presence of shorter hydrocarbons.
In order to determine the efficiency of the H2-incorporation in FTS products, the amount of H2O
generated over a period of 24 h in each testing cycle was measured and the H2 traced back to its origin
using Equations (4) and (6). The method used is outlined in a previous manuscript [60], where it was
presumed that there was a direct relationship between the amount of H2O produced and the degree of
CO hydrogenation. A summary of these results is provided in Table 5.

Table 5. The calculated catalysts’ H2 utilization efficiency at various temperatures.

Catalyst T (K)
H2O Selectivity (mol. %) H2 Efficiency (%) Ratio

(cm3) moles C5+ CH4 C5+ CH4 (C5+):CH4

Co/C 500 14.0 0.8 97.8 1.9 15.6 0.5 34.3
520 41.0 2.3 91.2 5.9 43.7 4.2 10.3
540 38.0 2.1 68.7 16.4 34.5 12.3 2.8

Co-Fe/C 520 33.0 1.8 85.0 8.8 33.8 5.2 6.4
540 27.0 1.5 76.1 11.4 26.3 5.9 4.5

Fe/C 520 21.0 1.2 88.7 5.1 22.4 1.9 11.6
540 15.0 0.8 68.2 11.4 14.3 3.6 4.0

For example, take the case where 14 cm3 of H2O was generated by the Co/C catalyst at 500 K.
From the selectivity data, which provided the FTS product spectrum, 15.6% of the total H2 feedstock
was utilized in producing C5+ while only 0.5% was incorporated in CH4. This means that for every
CH4 molecule produced, about 35 hydrocarbon monomers, –[CH2]– were formed; i.e., (C5+):(CH4)
= 35. Thus, in terms of useful product selectivity, although the catalyst activity was relatively low
(at ~18% CO conversion), these are proven to be the most efficient FTS reaction conditions with
this catalyst. Both the single-metal Co/C and Fe/C catalysts at 520 K were operating at the same
H2 utilization efficiency (~11). The least efficient operation was with the same Co/C catalyst at
540 K; at these conditions, despite the high CO conversion (85%), for every CH4 molecule produced,
only three –[CH2]– monomers were formed towards the (C5+) hydrocarbon chains. Additionally,
these findings imply that the feedstock ratio of H2:CO = 2.2 was not H2-efficient at higher temperatures.
Studies have shown that increasing the H2:CO feed ratio decreases the catalyst’s α-value because a
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high H2 concentration promotes chain-growth termination, which leads to increased CH4 production
and decreased C5+ selectivity [59].

Bearing in mind that the original intention of this study was to test the catalysts for HT-FTS,
which normally operates above 600 K by gradually increasing the temperature from 500 K, this objective
fell short. The reason being by 540 K, the H2 utilization efficiency for CO hydrogenation was fairly
poor, with large quantities of both the CO and H2 in the feedstock gas going into CO2 and CH4,
both of which are undesirable in FTS. This observation led to the conclusion that these catalysts are
all designed to operate, typically, below 520 K; that is, within the LT-FTS regime only. No further
tests were performed beyond 540 K. This was surprising because Fe is known to be a very good
HT-FTS catalyst.

4.3. Catalyst Characterization

Since the catalysts produced through plasma have high proportions of graphitic carbon,
elemental analysis by conventional methods such as the inductively-coupled plasma mass spectrometry
(ICP-MS) are not applicable because it is difficult to grind and completely dissolve G. Nevertheless,
an elemental analysis of the single metal catalysts (Co/C and Fe/C) was done by total carbon
ignition and found to be roughly 25% atomic % mass-by-mass (at % metal:carbon) [46]. This was
confirmed by SEM analysis using EDX semi-quantitative analysis, which indicated a value of 25% (±5).
EDX mapping showed that the samples had a homogeneous distribution of the metal moieties in the
C-support. The uniform metal dispersion onserved without any indication of metal particle segregation
attested attests to the robust nature of the SPS technology in producing high-quality nano-catalyst
materials. Catalytic nanoparticles have been shown to be highly reactive [61] and the substantial
change in the catalyst morphology and particle size distribution after pre-treatment in CO as indicated
by TEM analysis implies that plasma-synthesized materials have a great capacity to be manipulated
through different reaction conditions to produce certain desired outcomes in FTS catalysis.

This study has shown that plasma produces metal nanoparticles having a Gaussian-type of
particle size distribution with a mean of ~10 nm. However, carburization with CO creates a mechanism
that produces bimodal distribution plots in the single metal catalysts. This mechanism is currently
not well understood, but it could be related to metal nanoparticles entrapment in the graphitic
carbon. Some authors have also succeeded in producing nano-sized FTS catalysts with bimodal
pore distribution, where the smaller pores serve as traps for Co nanoparticles, preventing sintering
and agglomeration due to confinement effects [62]. A similar phenomenon has been reported for
the Fe-based materials where enhanced FTS activity and stability has been recorded through the
preferential formation of bimodal crystallite sizes of Fe nanoparticles in bimodal mesoporous structures
having average pore sizes of 3.6 and 5.4 nm [63]. Since we noticed an increased concentration of the
smaller nanoparticles in our samples (with a mean size of ~5 nm), catalytic activity was also observed
to be high. It is suspected that the smaller particles are more active, and therefore, the production of
smaller nanoparticles is essential in FTS because they derive their reactivity from the large number of
coordinatively unsaturated atoms relative to the total number of metal atoms in their crystallites. It is
well known that surface atoms located at the steps, corners, and edges of nanoparticles exhibit the
highest catalytic activity due to their low coordination number.

Further, TEM imaging indicated that the bimetallic Co-Fe catalyst had both small (5 nm) and large
(10 nm) nanoparticles, besides showing a wide distribution of even bigger nanoparticles including
CNFs. In earlier work, we showed that the CO-reduced Co/C catalyst did not display the presence
of CNFs [52], and the same has been confirmed in this study. Further, another previous study had
indicated the presence of CNFs in all the CO-reduced Co-Fe/C catalysts [56], which is again confirmed
in the current work. Therefore, only the Fe species seem to have the capacity to produce CNFs over
these catalysts under the prescribed reaction conditions.

A semi-quantitative analysis of the C-support of the fresh catalysts by XPS identified the G-form
(~64%) as the predominant phase and that some D-phase comprises ~36%, as shown in Table 6. In a
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recent publication, we showed that larger metal nanoparticles with a mean size of ~11 nm (compared
to ~9 nm) form more D-phase and, hence, have a lower BET specific surface area, because surface area
depends on the amount of G-phase in the sample [48]. In the current scenario, the particle size of the
fresh Co-Fe/C sample is relatively much larger (14 nm), with a diminished quantity of the G-phase
(64%) and, therefore, its BET specific surface area would be expected to be much less, and yet it has the
greatest surface area amongst the three. The contradiction may arise due to the fact that the packing of
the nano-carbon support particles in the bimetallic Co-Fe/C catalyst seems to create more mesoporous
(2–50 nm) spacing than with the single metal catalysts as shown in Figure 10, although their surface
areas are within the same range (76 ± 3 m2 g−1).

Table 6. The summary properties of the fresh catalysts (averaged values).

Catalyst
Mean C Amount (%) Metal Particle Size

(nm)

BET Surface Area
(m2 g−1)G-Phase D-Phase

Co/C 65 35 11 76
50%Co-50%Fe/C 64 36 14 80

Fe/C 65 35 11 73

In terms of their performance in FTS, all the three catalysts were close at 500 K and, in fact,
the Co-Fe bimetallic formulation showed the highest CO conversion at 520 K (with 57%) as compared
to the other single metals (46% for Co/C and 37% for Fe/C). When reduced in H2 alone, it was
observed that the 50%Co-50%Fe/C bimetallic was completely inactive at 493 K, while the Co-rich
samples (Co/C, and 80%Co-20%Fe) were more active. The Co/C was the most active with over 40%
CO conversion [56]. Some authors have observed that in bimetallic formulations, the alloy with an
intermetallic ratio of Co:Fe = 1 is not a critical component in enhancing both the FTS activity and
selectivity of the carbon-supported catalyst, but rather a Co-rich combination being the most significant,
with a metal ratio close to Co2Fe [64]. However, in the current study, it is shown that in spite of catalyst
composition, a CO-reduction step alters the activity of the materials substantially.

From the RQA-XRD analysis, the pronounced presence of the HCP crystal structure (38%) in the
used Co/C sample is an interesting observation because HCP as the active phase in the Co catalyst has
been shown to exhibit greater intrinsic activity than the FCC [65]. This means that the CO-reduction
increased the chance of generating the HCP phase when compared to H2-reduction. Some authors state
that the selective formation of metallic Co in the HCP crystal structure through successive carburization
and hydrogenation of a used catalyst is the key to both improved catalytic activity and the effective in
situ regeneration [57], as summarized in Equation (8).

CoO(FCC)
CO→ Co2C

H2→ Co(HCP) (8)

Furthermore, from the XRD analysis, Fe-containing samples were observed to have a concomitant
presence of carbide and oxide species in significant quantities. Some authors think that the formation
of non-stoichiometric iron-oxide-carbide species which though relatively less stable, is an important
combination in Fe-based FTS catalysis [66], and they consider it to be more active and more selective
towards olefin formation than the known χ-Fe5C2 carbide. This implies that total reduction of the
catalyst to metallic state or pure Fe carbides is not beneficial to the FTS process. Our XRD analysis
shows that there were rather many phases and probably various active species that were formed either
during the plasma synthesis or during CO reduction. Since it was apparent that the catalyst samples
did not contain homogeneous active species, it implies that the materials could be applying different
FTS reaction mechanisms simultaneously and for that reason, the product spectra did not conform
to the linear ASF kinetics. Overall, there are three main interrelated factors in this investigation that
could cause the FTS product distributions not fit the usual ASF kinetics:
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(i) Solvent effect: since some of our earlier works have produced results conforming to the ASF
model, the tests had been conducted in hexadecane (C16) solvent, but in this study, squalene (C30)
was used instead. It has been argued that when a significant portion of the heavier FTS product
components fail to dissolve in the solvent, it lowers its amount in the sample drawn for analysis
and this may distort the linearity of the ASF plot [47]. In addition, if polar products such as
alcohols are in high proportions, they too may fail to dissolve in the organic medium of the liquid
phase. Since C17 was the most intense peak, it could be perceived as though the catalysts were
most selective towards the production of C17, or that the other products were less soluble in the
current solvent.

(ii) CO-reduction effect on the catalysts: previous studies with H2-reduced catalysts indicated near linear
plots that conform to the ASF model [47]. However, in this work, the introduction of CO reduction
in the catalyst pre-treatment procedure was observed to create a myriad of metal particles and
carbon support with different sizes and morphologies, ranging from single-metal zero-valent
particles, to metal carbides, bimetallic nano-alloys and carbon nanofilaments. Each one of these
moieties in the catalyst could impact the FTS reaction differently.

(iii) Metal nanoparticle-size effect: TEM imaging showed that the multi-modal metal nanoparticle-size
distributions were generated by CO reduction, and these results were significantly different from
those of H2-reduced catalysts, which showed mono-modal (near Gaussian-type) nanoparticle size
distribution. It is suspected that having a substantial variation in the particle-size distribution
created energetically diverse active sites, leading to different reaction paths and mechanisms in
FTS activity and hence poor conformity to ASF kinetics, which require energetically homogenous
active sites.

TEM analysis showed a multi-modal distribution of the metal nanoparticles in the three catalysts.
In the literature [67], it has been shown that (i) crystallite size impacts FTS activity for Co crystallites
smaller than 10 nm, and (ii) increasing the Co crystallite size leads to higher CO hydrogenation towards
C5+ selectivity, extending past the 6–8 nm region. Our tested catalysts, which contain a high percentage
of nanoparticles below 5 nm were highly active for FTS. Obtaining C-supported FTS catalysts with
extremely small nanoparticles is not unusual; some authors have achieved Co nanoparticles with
2–6 nm (TEM analysis), using the microemulsion method, and the nanoparticles are mostly confined
inside the CNTs [68]. In this work, small metal nanoparticles have been achieved through plasma
synthesis and CO reduction without the use of CNTs, because the nanoparticles are confined in the
G-support matrix.

Moreover, the high H2:CO ratio of 2.2 used in this study could have contributed to the high
catalytic activity because some authors have linked catalyst reactivity to H2 exposure since CO
molecules dissociate more efficiently on the larger Co nanoparticles (15 nm) than on the smaller ones
(4 nm), and higher exposure of Co nanoparticles to H2 has been found to enhance CO dissociation
rates [69]. Therefore, since higher H2 concentration tends to favor chain termination reactions, it leads
to the formation of shorter-chain hydrocarbons, which enrich the gasoline fraction [70]. Optimally,
it has been observed that an FTS catalyst must have metal nanoparticles within a narrow range of
about 6–8 nm [71], and this assertion has been supported by kinetic studies indicating that the FCC
structure of Co metal favors the H-assisted CO dissociation mechanism [72], and we find our samples
to be highly dominated by the presence of FCC crystal structures.

4.4. Benefits of Using Plasma Technology in Synthesizing FTS Catalysts

In Fe-catalyzed FTS, the reaction mechanism depends on the presence of Fe carbides [66],
and currently in industry, the Fe carbides are generated mainly by carburizing the Fe oxides with
CO [73]. In this work, the carbides were produced in plasma. Earlier, we attempted to benchmark
our plasma-synthesized Fe-based catalyst with the commercial nano-hematite (Fe-NanoCat®) by
carburizing the nano-hematite using CO. Although the Fe-NanoCat® catalyst was still very active for
CO hydrogenation in FTS, it showed excessive nano-particle agglomeration, while the plasma-derived
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samples did not [46]. On the other hand, metallic Co, which is the predominant phase in our samples
is considered to be the most active FTS species in Co-based catalysts [65], and these too were generated
through plasma.

Therefore, the benefits of plasma technology in regard to catalyst synthesis over other conventional
methods such as precipitation or impregnation methods, include the following:

• SPS technology shrinks synthesis steps: Since plasma technology is a single-step method,
it diminishes the number of operational factors and repetitive control parameters involved at each
stage (e.g., synthesis pressure, temperature, pH, time, purity), besides lowering the labor and
materials costs, which makes catalyst production process much easier, and this greatly increases
the probability of reproducing the material [45].

• Plasma synthesis is a robust and adaptable method: Plasma produces high-quality catalysts, which are
both nanometric and non-porous in nature as revealed by BET surface area measurements.
From a microscopic (SEM) analysis using EDX mapping, the materials show high metal particle
dispersion with uniform distribution in the carbon matrix and all the samples are remarkably
identical in morphology in spite of their compositions [60]. Moreover, SPS technology provides
such versatility that one recipe can be used to produce a variety of catalytic formulations and this
makes the synthesis method highly reliable [43].

• Plasma fosters the design of functional nanomaterials: Since the FTS reaction involves the production
of a mixture of large polymeric molecules such as waxes that easily cause catalyst deactivation,
the nanometric and non-porous nature of these materials make them ideal for circumventing
mass transfer and diffusion limitations during FTS.

• Production of ready-to-use catalysts: Catalysts produced through plasma do not require elaborate
improvement procedures or sophisticated pre-treatment methods before their application in the
FTS process, and can be promoted with other metals both during production [60], and after
plasma synthesis [74]. In this work, we show that identical materials can be modified through
strategic pre-treatments in order to produce a diversity of morphologies and by varying the
reaction conditions, different FTS products can be obtained.

• In situ production of graphitic carbon support: With SPS technology, the metallic active phases (Co0

for Co-based catalysts and FexC for Fe-based catalysts) are produced concomitantly with the
C-support in the plasma [46]. This contrasts with traditional approaches where if a C-support
is utilized, for example, activated carbon, carbon nanotubes or CNFs [75], the support must be
produced in another process first before metal deposition.

• Superior catalytic performance: In this work, the catalysts did not show many signs of deactivation
after 24 h of FTS. In earlier works, catalysts produced through plasma showed superior catalytic
performance (~4 times more active) when compared to those prepared by precipitation or
impregnation methods under identical FTS reaction conditions [45]. Plasma-synthesized metal
nanoparticles do not seem to agglomerate during the FTS reaction like catalysts prepared by
precipitation or impregnation methods when subjected to high-temperature treatment [46].
Besides, the catalysts do not deactivate due to carburization when reduced in CO [56]. In fact,
this work proves that CO reduction has a positive effect on catalytic performance.

5. Conclusions

The results of a comparative study for three catalysts (single-metal Co/C, Fe/C and the bimetallic
50%Co-50%Fe/C) are presented. The catalysts were synthesized through plasma and with a BET
specific surface area of ~80 m2.g−1; they are remarkably identical in morphology too (as seen from
SEM imaging coupled with EDX elemental mapping). They show a high metal particle dispersion
and a uniform distribution since the metal nanoparticles do not show any segregation in the carbon
matrix. The catalysts were tested on bench-scale for the production of synthetic automobile fuels in
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typical FTS process conditions (500–540 K; 2 MPa pressure; H2:CO = 2.2; GHSV = 2000 cm3 h−1 g−1 of
the catalyst).

XRD analysis revealed the presence of Co0 with an FCC and HCP crystal structure (62% and
38% respectively) in the used Co/C sample, while cohenite (Fe3C) and magnetite (Fe3O4) phases
were evident in the used Fe/C and bimetallic Co-Fe samples. The FCC metallic phase (α–Fe)
dominated in both the fresh and used Fe-containing samples, which was confirmed by XPS analysis.
Semi-quantitative analysis of fresh catalysts by XPS showed that the carbon support matrix was ~65%
G and ~35% D. Further, TEM imaging revealed that the metal nanoparticles do not sinter even when
exposed to high-temperature treatments (in excess of 673 K) before and during the FTS reaction;
the main reason being that the nanoparticles are “caged” in the graphitic-C framework, which prevents
particle interaction and agglomeration. Moreover, the catalysts did not seem to deactivate as a result
of carburization or oxidation as shown through XPS and XRD analyses.

Catalyst modification by consecutive reduction at 673 K using H2 (24 h), CO (10 h), and then
H2 again (10 h), activated and improved the FTS activity remarkably. This yielded catalyst
stability and high selectivity for CO hydrogenation over TOS, but with low conformity to the
Anderson–Schulz–Flory (ASF) distribution. Although having low reliability due to imperfect
linear regression fittings, the estimated α–values in this study were in the range of 0.84–0.89.
However, earlier works had shown similar values, but with much higher linear regression fittings.
Reduced conformity to the ASF distribution could be attributed to several interrelated issues including:
(i) solvent effects, where a large portion of the product stream fails to dissolve in the liquid phase
for analysis; (ii) CO-reduction effect on the catalyst, which generates substantial variation in the
metal nanoparticle-size distribution; and (iii) metal particle-size effect, which lead to the creation of
energetically diverse active sites, and since ASF kinetics require energetically homogenous active sites,
catalyst samples in this work may have fashioned several different reaction paths and mechanisms.

Generally, higher temperatures enhanced the yield of the gasoline fraction, accompanied by
a decrease in hydrogen utilization efficiency (lower H2:CO uptake ratio). On the other hand,
lower temperatures enriched the diesel fraction, with a better hydrogen utilization efficiency since
a higher H2 percentage was incorporated in C5+ molecules. The Co/C catalyst gave up to 98% C5+

selectivity at 500 K (Table 5). An attempt to raise the FTS temperature beyond 540 K generated excessive
CO2 and CH4, both of which are undesirable because they lowered the C5+ selectivity to ~70–80%.
It was observed, therefore, that the catalysts are better fitted for LT-FTS operations. TEM imaging
showed bimodal nanoparticle size distribution in the used catalysts after CO reduction possibly by a
reaction mechanism that increases the number of smaller nanoparticles with mean size of ~4–6 nm.
The smaller nanoparticles are presumed to be highly energetic and, therefore, catalytically more active
than the original plasma-synthesized nanoparticles with mean size of ~9–11 nm.
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Abbreviations

The following abbreviations have been used in this manuscript:
ASF Anderson–Schulz–Flory distribution
BET Brunauer-Emmett-Teller method for specific surface area analysis
BJH Barrett-Joyner-Halenda (porosity analysis model)
CNFs Carbon nanofilaments
CNTs Carbon nanotubes
CVD Carbon-vapor deposition
D Disordered or amorphous carbon
DBD Dielectric-barrier discharge (plasma)
EDX Energy dispersive X-ray spectroscopy
FCC Face centred cubic crystal structure
FTS Fischer–Tropsch synthesis
G Graphitic carbon
G(2H) Graphite of the hexagonal crystal structure
GC Gas chromatography
GHSV Gas hourly space velocity
HCP Hexagonal closed packing crystal structure
LT-FTS Low-temperature Fischer–Tropsch synthesis
NTP Non-thermal plasma reactor
PEBA Pulsed electron beam ablation
PGD Plasma-glow discharge
r Measured feedstock gases consumed in FTS reaction (% by %) as a ratio (H2:CO)
RQA Rietveld quantitative analysis
SLPM Standard litres per minute
STP Standard temperature and pressure
SEM Scanning electron microscopy
SPS Suspension plasma-spray technology
TEM Transmission electron microscopy
TOS Time-on-stream
WGS Water-gas shift
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction analysis
3-ϕ-CSTSR Three-phase continuously-stirred-tank slurry reactor
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Abstract: We synthesized Pd-Fe series nanoparticles in solid solution using pulsed plasma in liquid
with Pd-Fe bulk mixture electrodes. The Pd-Fe atomic percent ratios were 1:3, 1:1, and 3:1, and the
particle size was measured to be less than 10 nm by high-resolution transmission electron microscopy
(HR-TEM). The nanoparticles showed face-centered cubic structure. The lattice parameter increased
with increasing Pd content and followed Vegard’s law, and energy-dispersive X-ray spectra were
consistent with the ratios of the starting samples, which showed a solid solution state. The solid
solution structure and local structure were confirmed by HR-TEM and X-ray absorption fine structure.

Keywords: Pd-Fe alloy; nanoparticle; pulsed plasma in liquid

1. Introduction

Pd is well-known as a hydrogen storage metal [1–3]. Pd-Fe alloy can be used to catalyze fuel cells
and improve their conversion of chemical to electric energy. Furthermore, Pd-Fe alloy nanoparticles
may increase the conversion rate of fuel cells. Research has shown that oxygen reduction of Pd-Fe
catalyst is very stable in alkaline solution [4–6]. Mashimo’s laboratory has already synthesized Pt-Fe
alloy nanoparticles [7]. Pd-Fe alloy nanoparticles in solid solution are expected to show excellent
catalytic properties because of the interaction of 3d and 4d electrons. Pd-Fe alloy is half immiscible at
room temperature.

Our previous studies have shown that pulsed plasma in liquid (PPL) is a good alternative method
for synthesizing various nanomaterials [8]. This process is relatively cheap and environmentally
friendly. The short duration (several microseconds) and quenching of the surrounding cool liquid
limit the size of the crystals, which enables the synthesis of very small and/or metastable particles.
We have synthesized nanoparticles of such materials as single elements [9], carbon-coated metals [10],
fullerene [9], and onion-like carbon [11], and compound nanoparticles of oxides, carbides, and
sulfides [12–14].

In this study, we seek to synthesize Pd-Fe alloy nanoparticles with atomic percent ratios of 1:3,
1:1, and 3:1 using PPL with Pd-Fe bulk mixture electrodes of the same composition. We expect that
using melted Pd-Fe bulk electrodes will yield Pd-Fe solid solution nanoparticles because Pd and Fe
ions exist in the environment of the pulsed plasma, so Pd-Fe clusters may easily form.

Nanomaterials 2018, 8, 1068; doi:10.3390/nano8121068 www.mdpi.com/journal/nanomaterials138
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2. Materials and Methods

A schematic of the experimental setup is shown in Figure 1. Metal electrodes (cathodes and
anodes) were submerged in a liquid connected to the power source. The impulse plasma was produced
by the spark discharge between two electrodes. The gap between the two electrodes was approximately
0.2 mm, and the electrical current pulses that produced the pulsed plasma had a duration of about
20 μs. One of the electrodes was kept vibrating, so that the discharging could proceed continuously.

 

Figure 1. Schematic of pulsed-plasma-in-liquid method.

In the plasma discharge experiment, we prepared two alloy bulk electrodes, each with a rod that
was 4 mm in diameter and composed of pure Pd and Pd-Fe with atomic percent ratios of 1:3, 1:1, and
3:1. We first set the Pd-Fe electrodes into a 200-mL 99% ethanol solution and applied a pulsed voltage
of 60.5 V for 60 min. Although the input voltage was set, the voltage applied to the electrodes varied
with the discharge. Figure 2 shows the variation in output current. The current pulses were each
about 10 μs with a rise time of less than 5 μs at intervals of about 100 μs. The current range was about
1.0–2.0 A. After the experiment, the samples were separated from the liquid into floating (upper) and
sedimented (bottom) parts using a centrifuge, and then dried. Then we used an electric stove to dry
these two parts for 4 h.

During the synthesis, atomic emission spectra of the plasma discharge were collected by an ALS
SEC2000 UV-V optical spectrometer placed close to the plasma discharge zone outside the quartz
beaker. Emission spectrum peaks were identified according to the NIST1 database [15].

The X-ray diffraction (XRD) patterns for the samples were measured with a Rigaku RINT-2500
VHF diffractometer, using CuKα radiation at 40 kV and 200 mA. We used high-resolution transmission
electron microscopy (HR-TEM) (Philips Tecnai F20) to observe the morphology and microstructure of
prepared samples. Elemental analysis was performed using a JEOL JSM-7600F energy-dispersive X-ray
(EDX) spectroscope at 15 kV with a point resolution of 1.0 nm. We measured the X-ray absorption
fine structure (XAFS) spectra near the Pd K-edge in transmission mode (with a beam size of 1.2 ×
0.3 mm) at beamline NW10A AR, KEK, Tsukuba, Japan. Synchrotron radiation was monochromatized
by a Si (311) double-crystal monochromater. X-ray energy calibration was performed by setting the
copper metal pre-edge absorption peak to 8978.8 eV. Mirrors were used to eliminate higher harmonics.
The radial structural function was obtained by performing a Fourier transform over the range 2.5 <
k < 10.5 Å−1. We used an analytical edge XAFS (EXAFS) formula to carry out Fourier filtering and
non-linear least-squares fitting of structural parameters.
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Figure 2. Waveform of output current.

3. Results and Discussion

3.1. X-ray Diffraction

Figure 3 shows the XRD patterns of the floated (upper) (a) and sedimented (bottom) (b) samples
of Pd-Fe alloy together with those of single-element Pd and Fe nanoparticles obtained by PPL. As the
Pd concentration in samples increases, their XRD peaks become much more similar to those of Pd.
Both the 1:1 and 3:1 Pd-Fe nanoparticles of the bottom and upper samples show the face-centered
cubic (FCC) Pd phase in which all peaks are around 41 degrees, not the body-centered cubic (BCC)
phase of Fe, which almost comes out at 45 degrees, while the 1:3 Pd-Fe shows both BCC and FCC
phases. Each peak of the Pd phase shifts to larger 2θ, and those of the Fe phase shifts to smaller 2θ. As
shown in Table 1, the lattice constants of the upper Pd-Fe alloy nanoparticles are slightly larger than
those of the bottom ones. This may be caused by the larger surface area of the upper nanoparticles.
The lattice parameter of the nanoparticles is smaller than that of pure Pd (3.9048 Å). This is because the
ion radius of Pd is larger than that of Fe.

Table 1. Calculated lattice parameters of FCC phase of Pd-Fe alloy nanoparticles.

Lattice Parameter (Å) Upper Bottom

Pd 3.9676(39) 3.9506(37)
Pd3Fe 3.8553(102) 3.8540(1)
PdFe 3.8140(4) 3.8168(13)
PdFe3 3.8001(57) 3.7851(30)

Figure 4 shows the lattice parameter versus composition. The lattice parameter increases with
Pd ratio, which follows Vegard’s law. This shows that the synthesized Pd-Fe samples consist of solid
solution nanoparticles with FCC structure.

We estimated the production rate of PdFe nanoparticles to be about 1.1 g per hour by measuring
the weight of the electrodes.
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(a) Upper 

 
(b) Bottom 

Figure 3. XRD patterns of Pd-Fe alloy nanoparticles and of elemental Pd and Fe nanoparticles in upper
(a) and bottom (b) samples.
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Figure 4. Lattice parameter versus Pd ratio of Pd-Fe alloy nanoparticles and pure Pd (100%)
nanoparticles. The Pd-Fe nanoparticles have atomic percent ratios of 1:3, 1:1, and 3:1.

3.2. High-Resolution Transmission Electron Microscopy with Energy Dispersive X-ray Spectrometry

Figure 5 shows the HR-TEM images of the upper and bottom samples of the 1:1 Pd-Fe alloy
nanoparticles with the particle size distributions. We see from these figures that the average particle
diameter of the upper is less than 4 nm and that of the bottom is less than 6 nm. Figure 6 shows the
expanded HR-TEM images of selected areas and each corresponding fast Fourier transform (FFT) for
the interplanar spacing of the 111 face, with average values of 2.270 Å (upper) and 2.089 Å (bottom).
In this figure, we can see lattice ordering on the nano scale.

Figure 7a–c represents the HR-TEM EDX spectrum of the obtained nanoparticle when Pd:Fe =
1:3, 1:1, and 3:1, respectively. We measured the elemental composition at the point in each particle
indicated by a red circle (<10 nm) in the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image. The Pd-to-Fe atomic percent ratios for the 1:3, 1:1, and 3:1 samples
were 1.3:3.2, 3.8:3.0, and 12.5:3.5, respectively, which are comparable to those of the starting bulk
mixture electrode.

(a) Upper 

 

Figure 5. Cont.
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(b) Bottom 

 

Figure 5. HR-TEM images of upper (a) and bottom (b) 1:1 Pd-Fe sample with particle diameter distribution.

(a) Upper 

 
(b) Bottom 

 

Figure 6. HR-TEM images of upper (a) and bottom (b) 1:1 Pd-Fe alloy nanoparticles with FFT pattern
and surface spacing in the region enclosed in red.

From the XRD and HR-TEM results, we conclude that Pd-Fe solid solution nanoparticles with
any composition ratios can be synthesized by PPL using Pd-Fe bulk mixture electrodes.
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(a) 1:3 

 
 

(b) 1:1 

 

(c) 3:1 

 
 

Figure 7. HAADF-STEM image and EDX analysis of upper 1:3 (a); 1:1 (b); and 3:1 (c) Pd-Fe alloy nanoparticles.

3.3. X-ray Absorption Near Edge Structure

In Figure 8, the Pd K-edge X-ray absorption near-edge-structure (XANES) patterns of the
synthesized nanoparticles are compared with those of the Pd foil. The Pd-Fe samples show a pattern
similar to that of the Pd metal foil, though the amplitude of the sinusoidal structure decreases with
increasing iron content. This indicates an increase in irregularity due to solid solution of different
atomic sizes for iron. Figure 9 shows the first-derivative XANES spectra of the samples in Figure 8.
The maximum peak in the first-derivative XANES spectrum in Figure 9, which corresponds to the
energy with the largest slope in Figure 8, represents the threshold energy of the absorption edge.
No chemical shifts of the threshold energies for Pd-Fe nanoparticles appear in Figure 8 or Figure 9.
These results indicate that the samples keep the FCC structure and metallic character of Pd.
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From extended x-ray absorption fine structure (EXAFS) we obtained the radial distribution
function and the interatomic distance from the X-ray absorbing atom to the adjacent atoms. Figure 10
shows the FFTs of the EXAFS oscillation function k3χ(k) showing the distances from the X-ray absorbing
Pd atoms to the adjacent Pd and Fe atoms. The first and second peaks indicate the first set of nearest
Pd-Fe and Pd-Pd distances, respectively. The shape of the Pd-Pd peak for pure Pd becomes asymmetric
because of the backscattering amplitude. The Pd-Fe peak height increases and the Pd-Pd peak height
decreases with increasing iron content.

Table 2 shows the local Pd-Pd and Pd-Fe interatomic distances determined from the EXAFS
analyses. The Pd-Pd and Pd-Fe distances are 2.76 and 2.62 Å, respectively, indicating the distances for
the coordination number of 12 in FCC structure. The Pd and Fe are mixed at the atomic level, which
proves that the obtained sample is a Pd-Fe solid solution.

Figure 8. Normalized XANES of Pd parts of nanoparticles.

Figure 9. Derivative XANES of Pd parts of nanoparticles.
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Figure 10. Fourier transforms of the Pd K-edge EXAFS oscillation function k3χ(k). No phase shift
corrections are made. The first sets of nearest peaks represent the Pd-Fe and Pd-Pd distances.

Table 2. Local bonding distances (Å) in Pd-Fe alloy nanoparticles determined by EXAFS.

Sample Pd-Pd Distance (Å) Pd-Fe Distance (Å)

Pd Upper 2.76(1) -
Pd3Fe Upper 2.76(1) 2.62(2)
PdFe Upper 2.74(2) 2.61(2)
PdFe3 Upper 2.75(2) 2.63(1)

3.4. Atomic Emission Spectrum and Nanoparticle Formation Mechanism

Figure 11 shows the atomic optical emission spectra from the plasma discharge between the
Pd-Fe electrodes submerged in ethanol. The main signals in the spectra belong to Fe (Fe+) and Pd
(Pd+). The Pd lines are weak. The PdII lines may be too weak to be measured. The first and second
ionization energies of Pd and Fe are 804.4, 1870 and 762.5, 1561.9 kJ/mol, respectively. We cannot
observe the spectra of diatomic species such as OH, N2, CH, and C2. From the spectra of the Pd-Fe
nanoparticles, we infer their formation mechanism via PPL as follows: Any raw materials, even those
with high melting/boiling points, can be ionized by the high plasma temperature (2000–2500 ◦C).
Therefore, Pd-Fe is ionized in the first stage, and positively charged Pd+ and Fe+ ions appear and
disperse throughout the liquid. Then, Pd+ and Fe+ ions gather and form Pd-Fe nanoparticles under
quenching by the surrounding cool liquid (Figure 12). The short pulse duration and rapid quenching
prevent particle growth; therefore, the nanoparticles synthesized by PPL are very small.
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Figure 11. Optical emission spectrum from pulsed plasma in ethanol solution with Pd-Fe electrodes.

 

Figure 12. Illustration of Pd-Fe alloy nanoparticle formation via pulsed plasma in water.

4. Conclusions

We have succeeded in synthesizing Pd-Fe series nanoparticles in solid solution with Pd:Fe
composition ratios of 1:3, 1:1, and 3:1 by the PPL method using Pd-Fe alloy electrodes with the same
compositions. The resulting 1:1 and 3:1 Pd-Fe particles are FCC while the 1:3 Pd-Fe particles are a
mixture of BCC and FCC. The lattice parameter increases with increasing Pd concentration and follows
Vegard’s law. The EDX and XAFS results also confirm the solid solution state. The sizes of the solid
solution alloy particles are less than 10 nm. We expect synthesized Pd-Fe solid solution nanoparticles
to show comparable or better catalytic properties than Pd nanoparticles.
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