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Abstract: The article presents a detailed study and characterization of the oxide layers on the surface
of iron particles of various sizes. Ten iron samples with a size range from a few nm to 50 µm were
studied in detail using SEM, TEM, XRD, and TGA analysis. The composition of the multiphase oxide
layers on the powder surface was investigated. The main components of the oxide layer were FeO,
Fe3O4, and Fe2O3. By the obtained data, a model for the calculation of a multiphase oxide layer
thickness on the surface of iron particles was proposed. The proposed model was validated and can
be used for the characterization and certification of micro– and nanoscale iron particles.

Keywords: nanomaterials; iron particles; oxide layer; thickness; iron oxides; materials characteriza-
tion

1. Introduction

Nanotechnology and nanostructured materials have become highly popular at the
end of the last century when common engineering materials reach their application limits.
Since that, nanomaterials are of great interest by virtue of their unusual mechanical, electri-
cal, optical, and magnetic properties in a highly-dispersed state as well as the potential to
create new and innovative products [1–3]. Nanostructured materials are currently used in
almost all innovative products-from coatings and composites to structural and functional
elements. That is why the study of nanomaterials characteristics and regulation of their
physical and chemical properties is an important task of modern materials science [4–7].

One of the most actively developing areas of nanomaterial science is the study of
iron group transition metals and two-component systems based on them [8–12]. Increased
attention to these objects is usually caused by the peculiarities of magnetic properties.
Iron nanoparticles and materials based on them have some advances such as high saturation
magnetization values in relatively low magnetic fields, short remagnetization times, and the
possibility of varying the magnitude of the coercive force when doping materials [13–16].
Iron nanoparticles are also actively used for the production of catalysts, information storage
systems, current sources, solar panels, and other high-tech products [17–20].

As is well known, nanoparticles have a developed surface and can react with various
substances contained in the environment, in particular oxygen, moisture, organic com-
pounds, and so on [21–23]. During this process, intensive chemical transformations occur
on highly developed surfaces of nanoscale powders, including the formation of oxide
layer [24–26]. A number of nanomaterials, including iron nanoparticles, are used as py-
rophoric substances and chemically active materials [27,28], thus an oxide layer formation
on their surface can significantly narrow the range of their applications. In this regard,
the mechanisms of surface layer formation on nanoparticles and the properties of the oxide
layer is an urgent and important research task [29,30].
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Potential novel applications of iron nanoparticles and the possibility of adjusting
their reactivity causing many fundamental and applied studies devoted to change in their
properties with their size as well as oxidation with the formation of a surface layer [31–33].
However, a reliable calculation method of oxide layer thickness on the nanoparticles of
various metals has not yet been developed. The oxide layer can be visualized and evaluated
using high-resolution transmission electron microscopy. However, the use of transmission
electron microscopy for nanoparticle certification has a number of limitations: (i) low preva-
lence and high cost of such microscopes; (ii) specific requirements for research objects and
difficult analysis procedure; (iii) localization of analysis results. In previous studies [34–37],
some methods for determining the thickness of the oxide layer on the surface of metal
particles, including iron particles, were proposed. These methods were based on TEM, XPS,
chemical oxidation, gas adsorption, etc. and according to the results obtained, the proposed
methods had good convergence between the calculated and practical values. However,
these methods, as a rule, did not take into account the thickness of a single layer in the
multiphase oxide layer and did not include thermogravimetry analysis data for calcula-
tions. Therefore, this work aimed to study multiphase oxide layer on the surface of the iron
nanoparticles of various sizes. The outcome of this study is the basis of a simpler model for
determining the thickness of a multiphase oxide layer on nanoscale iron powders based on
the thermogravimetry analysis data. This proposed calculation method was validated and
can be used for the characterization of iron micro- and nanoparticles.

2. Materials and Methods

Ten iron-containing powders were used for the research. The sample codes and
corresponding information about the synthesis methods are presented in Table 1.

Some samples (m-Fe_01; m-Fe_02; n-FeO_01; n-FeO_02; n-Fe2O3_01) were purchased
from manufacturers of iron-containing powders. All purchased powders were manufac-
tured in strict accordance with technical standards (see Table 1).

Synthesis of n-Fe2O3_02 sample was carried out by using spray pyrolysis [38,39].
An aerosol was made from a Fe(NO3)3 solution (10 wt.%) using an ultrasonic powder dis-
penser. The prepared aerosol was fed by an air stream into the RT 50/250/13 Nabertherm
tube furnace and decomposed to produce iron (III) oxide according to Equation (1):

4Fe(NO3)3 → 2Fe2O3 + 12NO2 + 3O2. (1)

The n–Fe(OH)3 sample was obtained by precipitation as a result of iron chloride and
an aqueous solution of ammonia interaction (2):

FeCl3 + 3NH3 + 3H2O = Fe(OH)3 + 3NH4Cl (2)

The n–FeOOH sample was obtained by precipitation of iron hydronitrate (Fe(NO3)3
9H2O) using the method described in [40]. Samples of n–Fe(OH)3 and n–FeOOH were
obtained by the same method while the only difference between them was reagents. In the
first case (n–Fe(OH)3), iron chloride was used as an initial salt and ammonium hydroxide
was used as precipitator. In the second case (n–FeOOH), iron hydronitrate was used as an
initial salt and sodium hydroxide was used as the precipitator.

Samples n-Fe_01 and n-Fe_02 were synthesized by chemical precipitation from various
iron salts according to the method described in [23,40]. The used method was based on
the interaction of iron salts with alkali to form iron hydroxides. The resulting hydrox-
ides were subjected to heat treatment to produce iron oxides, which were subsequently
reduced in a hydrogen atmosphere and were stored in the laboratory for the past few years.
These samples were used to estimate the thickness of the oxide layer after long-term storage.

Iron oxides, hydroxides, and iron powder were reduced in a hydrogen atmosphere at
450 ◦C to produce iron powders. Heat treatment also resulted in the removal of iron salt
residues from the powders. Then the powders were passed in a nitrogen atmosphere and
an oxide layer was formed on their surface. For the passivation process, technical nitrogen
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with dissolved oxygen was used, so an oxide layer was formed on the particles. Reduction
conditions of powders and their designations are shown in Table 2.

Table 1. Description of initial powder samples.

Description Synthesis Conditions Synthesis Method

m-Fe_01 microscale iron powder
(Fe)

Purchased
(tech. standard 9849-86) atomization

m-Fe_02 microscale iron powder
(Fe)

Purchased
(tech. standard 9849-86) reduction

n-Fe_01 nanoscale iron powder
(Fe) Synthesized

chemical
precipitation +

long-term storage

n-Fe_02 nanoscale iron powder
(Fe) Synthesized

chemical
precipitation +

long-term storage

n-FeO_01 nanoscale iron (II) oxide
powder (FeO)

Purchased
(tech. standard

6-09-977-63)
–

n-FeO_02 nanoscale iron (II) oxide
powder (FeO)

Purchased
(tech. standard 8135-74) –

n-Fe2O3_01 nanoscale iron (III) oxide
powder (Fe2O3)

Purchased
(tech. standard 4173-77) –

n-Fe2O3_02 nanoscale iron (III) oxide
powder (Fe2O3) Synthesized spray pyrolysis of

Fe(NO3)3 aerosol

n–Fe(OH)3

nanoscale iron (III)
hydroxide powder

(Fe(OH)3)
Synthesized chemical

precipitation (FeCl3)

n–FeOOH
nanoscale iron (III)
oxide-hydroxide

powder (FeOOH)
Synthesized

chemical
precipitation

(Fe(NO3)3 9H2O)

Table 2. Reduction conditions of iron-containing powders.

Sample Code
(Samples after

Reduction)
Initial Sample

Reduction Conditions

Temperature, ◦C Heating Rate, ◦C/min

Fe(n–FeO_01) n–FeO_01

450

5 ◦C/min
(up to 400 ◦C);

2 ◦C/min
(from 400 ◦C to 450 ◦C)

Fe(n–Fe2O3_01) n–Fe2O3_01

Fe(n–Fe(OH)3) n–Fe(OH)3

Fe(n–Fe2O3_02) n–Fe2O3_02

Fe(n–FeO_02) n–FeO_02

Fe(n–FeOOH) n–FeOOH

m-Fe_01 –

m-Fe_02 –

n-Fe_01 –

n-Fe_02 –

The samples were reduced under non-isothermal conditions. The heating time (recov-
ery time) was 90 min. After reaching the temperature of 450 ◦C, the heating was stopped
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and the flow of hydrogen was blocked. Then technical nitrogen was added to the working
chamber of the furnace for passivation.

The morphology of the powders was studied using the Tescan Vega 3SB scanning
electron microscope (SEM) and the LEO 912 AB transmission electron microscope (TEM).
The average particle diameters were calculated using the ImageJ software. Qualitative
phase analysis was performed on the Difrey-401 X-ray diffractometer using Cr-Kα radiation.
The number of oxide phases in the samples was estimated using thermogravimetry (TGA).
TGA analysis was performed using a SDT-Q600 thermal analyzer in a hydrogen atmosphere
with a heating rate of 10 ◦C/min. The accuracy of the thermal analyzer was ±0.5 ◦C for
temperature measurement and ±0.01 µg for mass measurement.

3. Results and Discussion

The results of the qualitative phase analysis of iron powders are shown in Figure 1.
According to the results, only two phases (Fe and Fe3O4) were present in the samples
m–Fe_01, m–Fe_02, and Fe(n–Fe2O3_02). In the Fe(n–FeO_02) sample synthesized from
iron (II) oxide, only Fe phase with the BCC lattice was detected. Three phases (Fe, FeO,
and Fe2O3) were observed in the Fe(n–FeOOH) sample synthesized from iron (III) oxide-
hydroxide. The XRD patterns of the samples Fe(n–FeO_01) and Fe(n–FeO_02), Fe(n–
Fe2O3_01) and Fe(n–Fe2O3_02), Fe(n–Fe(OH)3), and Fe(n–FeOOH) were identical despite
different synthesis methods and conditions. An iron phase and three phases of various
iron oxides were detected in the n–Fe_01 and n–Fe_02 samples synthesized by chemical
precipitation (see Figure 2). Thus, in accordance with the results of qualitative phase
analysis, it was found that the studied powders had a different phase composition with
different content and ratio of iron oxides.

Figure 1. XRD patterns of studied iron powder samples.
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Figure 2. XRD patterns of n-FeO_01 and n-FeO_02 samples.

The results of TEM analysis (see Figure 3) demonstrated that the Fe(n–Fe2O3_01) sam-
ple consisted of nanoparticles agglomerates about 100 nm in size, which were surrounded
by an oxide shell. These agglomerates had dissimilar fraction size. Both large and small
fractions of about 75 nm and 20 nm, respectively, were detected. The same was detected in
the case of Fe(n-Fe(OH)3) sample (see Figure 3b), while the Fe(n–FeO_01) sample was a
highly aggregated powder consisting of fine particles with an average size of 100–200 nm
(see Figure 3c).

Figure 3. TEM images of iron samples: Fe(n–Fe2O3_01) (a); Fe(n–Fe(OH)3) (b);Fe(n–FeO_01) (c).

Fe(n-FeOOH), Fe(n–Fe2O3_02), and Fe(n-FeO_02) samples consisted of fine particles
with a size of no more than 30 µm (see Figure 4). Fe(n–FeOOH) sample consisted of
agglomerated iron nanoparticles with an average size of less than 1 µm. The Fe(n–Fe2O3_02)
sample was characterized by a spherical particle shape and an average size of no more
than 3 µm. The Fe(n-Fe_02) sample consisted of larger irregularly shaped particles with an
average size of 20–30 µm.
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Figure 4. SEM images of iron samples: Fe(n–FeOOH) (a); Fe(n–Fe2O3_02) (b); Fe(n-FeO_02) (c).

m-Fe_01 and m-Fe_02 samples consisted of rounded particles with an average diam-
eter of 45 µm and 30 µm, respectively (see Figure 5). The n–Fe_01 and n–Fe_02 samples
consisted of ultrafine particles of up to 100 nm in size.

Figure 5. SEM of iron samples: m–Fe_01 (a); m–Fe_02 (b); n–Fe_01 (c); n–Fe_02 (d).

Figure 6 demonstrates the weight change of the samples during heating in a hydrogen
atmosphere. As can be seen, in the case of m-Fe_01, m–Fe_02, n–Fe_01, and n-Fe_02
samples, the weight change was insignificant, which was associated with a high content of
metallic iron. In the remaining samples, the beginning of active weight loss was observed
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at about 300 ◦C. As is known, the reduction of iron oxides by hydrogen at a temperature
below 600 ◦C proceeds according to the following scheme: Fe2O3 → Fe3O4 → FeO→ Fe.
Consequently, the sample reduction process was observed between 300 ◦C and 480 ◦C.

Figure 6. TGA analysis of iron samples.

The extended TGA curves for the most representative samples are shown in Figure 7.
The detected peaks characterized the oxidation degree of iron. In accordance with the
obtained data, several types of iron oxides were identified in the studied samples. This fact
was also confirmed by the results of the qualitative phase analysis (see Figures 1 and 2).
Using the Origin Pro software, the TGA curves were split corresponding to the reduction
of each metal oxide (see Figure 8). The content of each metal oxide (νMeO) was determined
by the calculation of the area under each peak of TGA curve.

According to previous studies, it was found that iron oxidation is always accompanied
by the formation of a multiphase oxide layer [41,42]. The phase composition of the oxide
layer may include several oxides: wustite (FexO, where x = 0.836–0.954), magnetite (Fe3O4),
and hematite (Fe2O3). To calculate the thickness of the surface layer, the geometry of
iron particles was assumed as spherical (see Figure 9). According to the presented model,
the volume of the surface oxide layer (∆V ) was expressed by Equations (3) and (4):

∆Vi =
4
3
π
(

R3
i − R3

i−1

)
=

4
3
π
(

R3
i − (Ri − hi )

3
)

; (3)

∆Vi = νMeo · V = νMeo ·
4
3
πR3

i , (4)

where
νMeO—relative volume fraction of an individual oxide phase, %;
V—particle volume, nm3

h and R—thickness and radius of the individual oxide phase, nm (see Figure 9).
According to Equation (3), the volume of the surface layer was equal to the difference

between the particle volume and the metal volume and was calculated using the molar
fractions of metal oxide in the particle volume (see Equation (4)). When comparing
Equations (3) and (4), the equation for the thickness of the oxide layer on the surface of
iron particles was obtained (5):

hi
3 − 3Rihi

2 + 3R2
i hi − νMeo · R3

i = 0. (5)
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Since the calculation of the thickness of the oxide layer cannot be absolutely precise,
an absolute measurement error was determined to explain the accuracy of calculations.
By logarithmation and differentiation of Equation (5) to calculate the thickness of the oxide
layer on iron particles, the following equation was obtained (6):

dh
h

= 0.5 · dνMeo

νMeo
+

dR
R

. (6)

By replacing the differential of independent variables with absolute errors, the follow-
ing equation was obtained for the relative error in determining the thickness of the oxide
layer (7):

∆h
h

= 0.5 · ∆νMeo

νMeo
+

∆R
R

, (7)

where ∆R and ∆νMeO is an absolute error in measuring the average linear radius and metal
oxide content, respectively.

The relative error in measuring the metal oxide content was 2% while the relative
error of measuring the average linear radius according to the SEM and TEM results was
1%. Thus, the calculated relative error in measuring the thickness of a multiphase oxide
layer on iron particles was no more than 5%.

Using the proposed model, the thickness of the multiphase oxide layer of the studied
samples was calculated. When analyzing the TGA curves, it was found that all the samples
under study have at least two maxima. This fact indicated the presence of the multiphase
oxide layer in the studied samples as well as a reduction of at least two iron oxides during
heating in a hydrogen atmosphere. The results of the oxide layer thickness calculations
according to the proposed model are presented in Table 3.

Figure 7. TGA curves for samples reduction in a hydrogen atmosphere: Fe(n–FeOOH) (a); Fe(n–Fe2O3_01) (b); Fe(n–FeO_02)
(c); m–Fe_01 (d).
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Figure 8. Split TGA curves: Fe(n–FeOOH) (a); Fe(n–Fe2O3_01) (b); Fe(n–FeO_02) (c); m–Fe_01 (d).

Figure 9. Model for the thickness calculation of a multiphase oxide layer.
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Table 3. Results of the multiphase oxide layer thickness calculations.

Sample The Thickness of the Oxide Layer (h), nm

FeO Fe3O4 Fe2O3

m–Fe_01 222.0 32.0 110.0

m–Fe_02 115.0 218.0 –

Fe(n–FeOOH) 1.1 2.5 1.8

Fe(n–Fe2O3_01) 1.2 3.7 0.4

Fe(n–Fe2O3_02) 6.1 1.0 3.1

Fe(n–FeO_01) 2.8 2.9 –

Fe(n–FeO_02) 1.3 0.8 1.7

n–Fe_01 0.4 0.9 0.3

n–Fe_02 2.9 4.8 7.7

Fe(n–Fe(OH)3) 0.8 0.4 1.4

To verify the adequacy of the developed model for determining the thickness of a
multiphase oxide layer, the calculated values were compared with electron microscopy
data. This comparison showed stable correspondence of the calculated and experimental
values. Below we presented a comparison for three most representative samples: n–Fe_02,
Fe(n–FeO_01), and Fe(n–FeO_02).

TEM of the n–Fe_02 sample is demonstrated in Figure 10a. Based on the series of TEM
analysis, a spherical iron particle with an average linear size of 274 nm was surrounded
by a solid oxide layer with an average thickness of 16 nm. Comparing to this, the total
thickness (FeO + Fe3O4 + Fe2O3) of the n–Fe_02 sample oxide layer, calculated using the
proposed model, was 15.4 nm.

Figure 10. TEM of oxide layers: n–Fe_02 sample (a); Fe(n–FeO_01) sample (b); Fe(n–FeO_02) sample (c).

According to the TEM analysis of the Fe(n–FeO_01) sample (see Figure 10b), a spherical
iron particle with an average linear size of 111 nm was surrounded by a solid oxide layer
with an average thickness of 6 nm. In comparison, the total thickness of the oxide layer
(FeO + Fe3O4) of the Fe(n–FeO_01) sample, calculated using the proposed model, was equal
to 5.7 nm. According to the TEM analysis of the Fe(n–FeO_02) sample (see Figure 10c) a
spherical iron particle with an average linear size of 128 nm was surrounded by a solid
oxide layer with an average thickness of 4 nm. The total thickness of the Fe(n–FeO_02)
oxide layer (FeO + Fe3O4 + Fe2O3) was 3.8 nm according to the proposed model.

Based on the presented results, it can be concluded that the proposed model and
direct measurements of the oxide layer thickness on iron particles demonstrated high
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reproducibility. The difference in the obtained values was related to the locality of electron
microscopy and the assumptions made in the proposed method. Overall, it was concluded
that the proposed model for calculation of a multiphase oxide layer thickness is adequate
and can be used for characterization and certification of micro- and nanoscale iron particles.

4. Conclusions

An oxide layer study for ten different samples of iron particles was investigated.
In particular, microscale iron powders (m-Fe_01 and m-Fe_02), nanoscale iron powders
(n-Fe_01 and n-Fe_02), and nanoscale iron oxide and hydroxide powders (n-FeO_01, n-
FeO_02, n-Fe2O3_01, n-Fe2O3_02, n–Fe(OH)3 and n–FeOOH) were used for the study.
Some samples were purchased from manufacturers and a series of samples were synthe-
sized from iron oxides and hydroxides by heating in a hydrogen atmosphere. All samples
were subjected to the same heat treatment under non-isothermal conditions to obtain iron
particles coated with an oxide layer. The iron particles were carefully characterized using
electron microscopy, TGA analysis, and XRD analysis. All presented samples consisted
of iron particles surrounded by a multiphase oxide layer. FeO, Fe3O4, and Fe2O3 were
the main components of the oxide layer. Based on the presented research, a model for the
calculation of a multiphase oxide layer thickness using thermogravimetric analysis data
was proposed. The proposed model demonstrated high reproducibility of the calculated
data with the results of transmission electron microscopy in the case of iron particles with
various sizes and production methods.
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27. Ribas, D.; Černík, M.; Benito, J.A.; Filip, J.; Marti, V. Activation process of air stable nanoscale zero-valent iron particles.
Chem. Eng. J. 2017, 320, 290–299. [CrossRef]

28. Wilharm, C.K. Combustion Model for Pyrophoric Metal Foils. Propellants Explos. Pyrotech. 2003, 28, 296–300. [CrossRef]
29. Park, C.-D.; Magana, D.; Stiegman, A.E. High-quality Fe and γ-Fe2O3 magnetic thin films from an epoxide-catalyzed sol-gel

process. Chem. Mater. 2007, 19, 677–683. [CrossRef]
30. Mikhailova, S.S.; Shakov, A.A.; Mikhailik, O.M. Surface structure analysis of stabilized iron particles by XPS with chemical

derivatization. Bull. Russ. Acad. Sci. Phys. 2011, 75, 1468–1472. [CrossRef]
31. Antony, J.; Qiang, Y.; Baer, D.R.; Wang, C. Synthesis and characterization of stable iron-iron oxide core-shell nanoclusters for

environmental applications. J. Nanosci. Nanotechnol. 2006, 6, 568–572. [CrossRef] [PubMed]
32. Popovici, E.; Dumitrache, F.; Morjan, I.; Alexandrescu, R.; Ciupina, V.; Prodan, G.; Vekas, L.; Bica, D.; Marinica, O.; Vasile,

E. Iron/iron oxides core-shell nanoparticles by laser pyrolysis: Structural characterization and enhanced particle dispersion.
Appl. Surf. Sci. 2007, 254, 1048–1052. [CrossRef]

33. Cheong, S.; Ferguson, P.; Hermans, I.F.; Jameson, G.N.L.; Prabakar, S.; Herman, D.A.J.; Tilley, R.D. Synthesis and stability of highly
crystalline and stable iron/iron oxide core/shell nanoparticles for biomedical applications. ChemPlusChem 2012, 77, 135–140.
[CrossRef]

34. Görner, W.; Förster, H. Determination of oxide film thickness on metal and ceramic materials using activation analysis and B.E.T.
gas adsorption method. J. Radioanal. Nucl. Chem. Artic. 1995, 192, 139–145. [CrossRef]

35. Martin, J.E.; Herzing, A.A.; Yan, W.; Li, X.-Q.; Koel, B.E.; Kiely, C.J.; Zhang, W.-X. Determination of the oxide layer thickness in
core-shell zerovalent iron nanoparticles. Langmuir 2008, 24, 4329–4334. [CrossRef] [PubMed]

36. Manchili, S.K.; Shvab, R.; Zehri, A.; Ye, L.; Hryha, E.; Liu, J.; Nyborg, L. Surface analysis of iron and steel nanopowder.
Surf. Interface Anal. 2018, 50, 1083–1088. [CrossRef]

37. Manchili, S.K.; Wendel, J.; Hryha, E.; Nyborg, L. Analysis of iron oxide reduction kinetics in the nanometric scale using hydrogen.
Nanomaterials 2020, 10, 1276. [CrossRef]

38. Kim, J.H.; Koo, H.Y.; Hong, S.K.; Han, J.M.; Jang, H.C.; Ko, Y.N.; Hong, Y.J.; Kang, Y.C.; Kang, S.H.; Cho, S.B. Combustion
characteristics of the heat pellet prepared from the Fe powders obtained by spray pyrolysis. Adv. Powder Technol. 2012, 23,
387–392. [CrossRef]

http://dx.doi.org/10.2147/NSA.S99986
http://dx.doi.org/10.1007/s11671-008-9174-9
http://www.ncbi.nlm.nih.gov/pubmed/21749733
http://dx.doi.org/10.1088/1468-6996/16/2/023501
http://www.ncbi.nlm.nih.gov/pubmed/27877761
http://dx.doi.org/10.1039/C5NR00055F
http://dx.doi.org/10.1021/acsnano.7b01762
http://dx.doi.org/10.1002/smll.201201531
http://dx.doi.org/10.1680/bbn.12.00014
http://dx.doi.org/10.1016/j.jelechem.2015.12.048
http://dx.doi.org/10.1021/nl3004286
http://dx.doi.org/10.3390/ma13204689
http://www.ncbi.nlm.nih.gov/pubmed/33096781
http://dx.doi.org/10.1504/IJNT.2011.038201
http://dx.doi.org/10.1088/2053-1591/ab3ca8
http://dx.doi.org/10.1134/S0036024411110045
http://dx.doi.org/10.1063/1.1835566
http://dx.doi.org/10.1049/mnl.2019.0706
http://dx.doi.org/10.1016/j.cej.2017.03.056
http://dx.doi.org/10.1002/prep.200300031
http://dx.doi.org/10.1021/cm0617079
http://dx.doi.org/10.3103/S1062873811110219
http://dx.doi.org/10.1166/jnn.2006.925
http://www.ncbi.nlm.nih.gov/pubmed/16573063
http://dx.doi.org/10.1016/j.apsusc.2007.09.022
http://dx.doi.org/10.1002/cplu.201100074
http://dx.doi.org/10.1007/BF02037746
http://dx.doi.org/10.1021/la703689k
http://www.ncbi.nlm.nih.gov/pubmed/18303928
http://dx.doi.org/10.1002/sia.6465
http://dx.doi.org/10.3390/nano10071276
http://dx.doi.org/10.1016/j.apt.2011.05.004


Metals 2021, 11, 12 13 of 13
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