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and catalytic properties. While the stabilization of iron-containing

ABSTRACT: Stabilizing nanoparticles on surfaces, such NPs, assisted by the surface of graphene oxide, was demonstrated
as graphene, is a growing field of research. Thereby, iron before, the stabilization of the y-iron (y-Fe) allotrope reflects a
particle stabilization on carbon materials is attractive and paradigm change. Iron-based NPs on the GO support can be
finds applications in charge-storage devices, catalysis, and produced in various ways."*~'® However, thermal annealing of
others. In this work, we describe the discovery of iron nano- the variety of iron containing compounds in the presence of
particles with the face-centered cubic structure that was GO vyields mostly iron oxides and iron carbide.">'”~2° Only a

postulated not to exist at ambient conditions. In bulk, the
y-iron phase is formed only above 917 °C, and transforms
back to the thermodynamically favored a-phase upon
cooling. Here, with X-ray diffraction and Mossbauer spec-
troscopy we unambiguously demonstrate the unexpected
room-temperature stability of the y-phase of iron in the
form of the austenitic nanoparticles with low carbon con-
tent from 0.60% through 0.93%. The nanoparticles have
controllable diameter range from 30 nm through 200 nm.
They are stabilized by a layer of Fe/C solid solution on
the surface, serving as the buffer controlling carbon content
in the core, and by a few-layer graphene as an outermost
shell.

few studies report on the formation of a-Fe along with iron
oxides.'>*37%¢

Iron allotropes possess either the body-centered cubic (bcc)
or the face-centered cubic (fcc) structure (Figure 1A). Up to

a-iron (bcc) y-iron (fcc)
b 1 etal nanoparticles (NPs) on a structural support have

gained significant attention in recent years as novel sys- @ @ Fe(NOs)s @
tems for new generations of catalysts, electrode materials in the @a $ — a $
RT

energy conversion/storage devices, and similar applications. @‘a@ @‘a@
As an example, catalytic systems comprising Pd-NPs stabilized

on graphene oxide (GO) or reduced graphene oxide (RGO)
support demonstrated higher activity compared to the tradi-
tional bulk forms of catalysts.' > GO is a 2D-nanomaterial that
can be prepared on large-scale, and it is thus an appealing
support for metal NPs. The solubility and solution phase pro-
cessability of GO makes it possible to uniformly cover its surface
with nucleation centers made from metal ions present in bulk
salt solution.”® Thermal processing of GO induces its decom-

stable at RT
position, which is accompanied by CO and CO, formation,
. . 6T e 1 . .

generating a distorted carbon lattice.”” This disproportionation Figure 1. (A) Ilustration of the structure of iron with body centered
is exploited to reduce metal-ions to form NPs on the carbon cubic and face centered cubic structure. (B) Formation mechanism of
surface. Point defects in the carbon lattice play obviously a crucial iron nanoparticles stabilized on thermally processed graphene oxide
role in stopping the Ostwald ripening after NP formation.®® and illustration of stabilized y-iron (face centered cubic).

Several publications stress stabilization of NPs on layered
carbon materials.'®™"? Among other metals, iron attracts con- Received: May 9, 2018
stant attention due to its low cost and peculiar electro-magnetic Published: July 9, 2018
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Figure 2. Fe’*-GO characteristics. (A) TGA data in Ar and synthetic
air, and comparison to GO. (B) Mossbauer spectrum (dotted blue
line) and deconvolution into two components (red and light-gray
lines). The inset of panel B is the SEM image of Fe**-GO.

769 °C, iron exists in its a-form (a-Fe), also called “metallic
iron/ferrite” with the thermodynamically favored bcc lattice
and ferromagnetic properties (Curie temperature, T¢, is 769 °C
~ 1043 K). In the temperature range 769—917 °C, the f-form of
iron (f-Fe) is formed, which differs from a-Fe in the magnetic
properties, thus -Fe is paramagnetic. At 917 °C, f-Fe transforms
into the fcc lattice, and this allotrope is termed as y-iron (y-Fe)
(austenite) with diamagnetic properties. According to the
iron—carbon phase diagram, y-Fe can incorporate up to 2.03%
carbon. Lowering the temperature below 917 °C, carbon atoms
diffuse out of the structure, and y-Fe turns back to a-Fe. Up to
now, y-Fe could not be stabilized at room temperature, although
kinetic hindrance of carbon atoms diffusion should stabilize y-Fe.

Here, we show the stabilization of the y-Fe allotrope NPs at
room temperature on thermally processed GO (tpGO). In our
two-step procedure, first Fe** is complexed with oxo-functional
groups present on the surface of GO, and second y-Fe NPs are
formed upon thermal annealing. They are clearly identified as
the y-form of iron, stable at room temperature, using Mossbauer
spectroscopy and X-ray diffraction (XRD). y-Fe can be easily
discriminated from a-Fe (Crystallography Open Database:
CODY013415) by both methods.”’~*” Since y-Fe was not pre-
viously reported, for reference purposes, we used the simulated
XRD spectrum for the fcc lattice (Crystallography Open
Database: COD9008469)””, and the experimental Mdssbauer
spectrum for stainless steel, which possesses a fcc structure.”””’

As illustrated in Figure 1B Fe®" ions covalently bind to oxo-
functional groups of GO.> Annealing leads to GO decomposition,
reduction of Fe** to Fe’ and formation of y-Fe NPs at
sufficiently high temperature.
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Table 1. Content of Different Types of Iron in Fe**-GO
Samples Annealed at Different Temperatures; Based on the
Mossbauer Spectroscopy Data”

paramagnetic

Magnetically
ordered Fe-
T (°C) Fe’* Fe**  Fe*** oxides a-Fe FeC, y-Fe
RT 100
300 44.5 40.0 158.5
600 347 19 63.4
700 31.2 30.1 4.7 25.3 8.7
800 4.4 52.1 22.5 19.5
900 35.0 15.6 49.4
950 11.8 22.1 66.1
“Iron phases (content in %).
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Figure 3. Characteristics of Fe**-GO annealed at 950 °C and y-Fe
formation. (A) Powder XRD pattern; the diffraction patterns for bulk

forms of a-Fe and y-Fe are given as reference. (B) Mossbauer
spectrum acquired at 76.5 K.

The characteristics of Fe**-GO, formed during the solution-
phase step, are presented on Figure 2. The TGA analysis in
synthetic air (O,/N,) (Figure 2A) shows that, while GO burns
to almost zero, Fe**-GO leaves 28% of the orange-colored
residue, attributable, according to XRD, to iron(III) oxide.
With Fe**-functionalization of GO, the thermal decomposition
temperature of functional groups increases from 146—190 °C
for pure GO to 170—230 °C for Fe*"-GO. This observation
signifies that binding of Fe®* stabilizes GO functional groups
against decomposition. The burning temperature of the carbon
frame, contrary, shifts to lower values: from 600—800 °C to
320—400 °C, suggesting that iron clusters, forming on GO
surface during the annealing, facilitate combustion of tpGO.
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Figure 4. Characteristics of the sample annealed at 950 °C. (A) SEM image for Fe-NP/tpGO; inset: Fe-NP size distribution diagram. (B and C)
TEM images of the two round-shaped Fe-NPs. (D) Magnification of the particle edge area for NP shown on panel C. (E) HRTEM image from the
edge of another round-shaped Fe-NP. Inset: interplanar distances in the crystal lattice obtained from XRD. (F) TEM image of a hexagon-shaped

Fe-NP. (G) Magnification of the image shown on panel F.

The Mossbauer spectrum (Figure 2B) of Fe**-GO can be
deconvoluted into two components in the ratio ~2/3 (36.9%/
63.1%). The isomer shift values for these components are 0.36(6)
and 0.38(4) mm/s, whereas the quadruple splitting values are
0.61 and 1.11 mm/s, respectively. Thus, both components can be
attributed to Fe*', either bonded to GO functional groups, or
Fe**-ions bonded to each other via hydroxide ion bridges.” The
Fourier transform infrared absorption spectroscopy (FTIR)
shows conversion of ketones to carboxylates (Figure S1). Both
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TGA and FTIR data are consistent with our earlier work, showing
the coordinate-covalent bonding between GO and Fe*".” No
other Fe-species can be detected (discussed in SI). Consequently,
only the two phases of Fe*, mentioned above, serve as the
feedstock for the NP growth during the annealing step. The inset
of Figure 2B shows the scanning electron micrograpy (SEM)
image of Fe’*-GO with shapeless light-colored features.
We attribute these features to the hydroxo-clusters of Fe*,
formed on the otherwise dark-colored GO surface (Figure 2B).°

DOI: 10.1021/jacs.8b04829
J. Am. Chem. Soc. 2018, 140, 9051—-9055


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04829/suppl_file/ja8b04829_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b04829/suppl_file/ja8b04829_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b04829

Journal of the American Chemical Society

Communication

Next, the Fe**-GO composite was iteratively annealed up to
900 °C, and the as-prepared samples, containing Fe3*, Fe*,
Fe**", Fe oxides (Fe,0;, Fe;0,) a-Fe, Fe,C, and y-Fe were
analyzed by XRD and Mossbauer spectroscopy (Fe-NP/tpGO,
Table 1, compare Mossbauer spectra in ESI, Figures S3—S6).

While between 300 and 600 °C, only iron oxides are formed,
metallic iron is detected in the sample annealed at 700 °C.
Surprisingly, the y-Fe form was already detected (8.7%).
Annealing at 900 °C leads to only a-Fe, y-Fe, and Fe/C solid
solution Fe,C,, with y-Fe in majority. Interestingly, those
temperatures are all below the 917 °C transition point, known
for bulk iron.

The Mossbauer spectroscopy data (Table 1) are supported
by the XRD data (Figure S7), showing simultaneous presence
of the two allotropic forms of iron. Reflections (110), (200),
and (211) at 44.67°, 65.02°, and 82.33° of 26 angle are attrib-
uted to a-Fe. Reflections (111), (200), (220), and (311) at
43.62°, 50.81°, 74.70°, and 90.70° of 20 angle are attributed to
y-Fe.” It can be seen that the signals related to a-Fe and y-Fe,
respectively, decrease and increase in intensity with increasing
annealing temperature. Comparison of the obtained lattice
parameters for y-Fe with the well-established literature data for
austenites suggests presence of up to 0.88% carbon (see section 3
of ESI for details). In the diffractograms, there are no signals
associated with other crystalline forms of iron.

In a separate experiment, we annealed Fe3"-GO at 950 °C.
The XRD pattern (Figure 3A) shows that the signals related to
7-Fe heavily dominate those related to a-Fe.

The Mossbauer spectrum could be fitted by one singlet
(7-Fe), one doublet (Fe,C,), and one sextet for a-Fe (Figure 3B).
The central narrow singlet with IS = —0.08(9) mm/s must
be attributed to y-Fe in which each iron atom is surrounded by
12 neighboring iron atoms, as in the bulk fcc lattice of y-Fe.
A solid solution of Fe,C, is manifested as a doublet, because
of the nonequivalent surroundings of the iron atoms. This is
confirmed by the shift of the signal to the region of higher
velocities IS = 0.1. The content of the different forms of iron
is 66.1% y-Fe, 22.1% Fe,C,, and 11.8% a-Fe. Fe,C, and y-Fe
both have the fcc lattice structure. The lack of the Fe,C, signals
on the XRD pattern suggests either a small-crystalline size
of Fe,C, or that its reflexes overlap with those for y-Fe. Thus,
formally the Fe,C, phase can be considered as a part of the
7-Fe phase; when combined it constitutes 88.3% out of all the
iron in the sample.

In the SEM (Figure 4A) and TEM (Figure 4B,C) images,
most of the Fe-NPs appear as round-shaped multifacet nano-
crystals, which consist of three distinct phases/layers. The
dense crystalline core constitutes ~90% of the NP volume; it is
surrounded by a 3—5 nm layer, differing structurally from the
core, and by a shell of few-layer graphene.

The crystal lattice of the main nanoparticle body is clearly
visible. It is a poly crystal with crystallites of several nanometer
size. The crystallites have the interplanar distance of 2.09 +
0.03 A, which is very close to 2.07 A obtained for y-Fe from the
XRD data (Figure 3A, 4D,E). It is significantly distinct from
the 2.02 A, obtained for a-Fe. Thus, the analysis supports fcc
of y-Fe. Electron energy-loss spectroscopy (EELS) performed
locally on the nanoparticles does not show a significant oxygen
signal (Figure S11).

We assign the intermediate layer to a solid Fe/C solution
with relatively high carbon content, and the formula Fe,C,.
This is consistent with the Mdssbauer data discussed above
(Figure 3B, Table 1). Apparently, during annealing, carbon
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from tpGO diffuses into the NP and alloys with iron. The
dynamic equilibrium between the core and the Fe,C, shell
thoroughly controls the carbon content in the core needed for
stabilization of y-Fe. On the other hand, the excess of carbon
diffuses out of the particle by forming graphene layers on the
surface. Here the mechanism of the graphene formation is
similar to the growth on copper or nickel. The few-layer graphene
provides additional protection. This complex, but self-forming
structure results in kinetic hindrance for converting y-Fe into
the thermodynamically favorable a-Fe.

In minority, hexagon-shaped single crystal NPs were detected
(Figure 3F,G) with interplanar distance of 2.02 + 0.01 A, which
can be assigned to pure a-Fe, thus existing separately from the
y-phase.

In an additional experiment we obtained Fe-NPs by
annealing Fe*"-GO at 800 °C for 8 h (SI Figure S12, S13).
The content of the different iron phases (64.1% y-Fe, 16.7%
a-Fe, 19.2% Fe,C)) was similar to the sample obtained by
annealing at 950 °C, However, the particle size was signifi-
cantly smaller, 30—55 nm. Further reference experiments demon-
strate the unique role of GO in this process, and are discussed
in section S of the SL

To conclude, impregnation of GO with Fe(NO;); and
subsequent annealing yields NPs of y-Fe. The y-Fe phase
is stabilized in the form of NPs with complex structure. The
self-controlled formation of a thin layer of the Fe/C solid
solution on the surface serves as the buffer, controlling carbon
content in the NP core. We further conclude that GO with its
vacancy defects in the lattice is a unique material that surprisingly
allows the preparation and stabilization of y-Fe-NPs. GO plays
the role of the nucleating site, the reducing agent, the carbon
source, and the stabilizer for as formed y-Fe-NPs. The here
presented discovery of y-Fe will allow the study of the prop-
erties of y-Fe-NPs, including catalytic activity or materials
preparation.
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