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ABSTRACT: Here we report a solution-phase strategy for depositing ultrathin
graphene-like carbon onto iron oxide nanocrystals (NCs) for corrosion resistance in
magnetic and electrocatalytic applications. Thermal decomposition of iron carboxylates
is a well-known method for generating uniform, size-tunable iron oxide NCs. When this
reaction is completed at elevated temperatures and for longer times, the nanomaterials
become unreactive to further growth and the magnetic nanomaterial survives treatment
with concentrated nitric acid. X-ray photoelectron and Raman spectroscopies reveal
that these materials contain graphene-like carbon. Metal carboxylates can decompose
and yield carbon monoxide (CO), which we detect via gas chromatography—mass
spectrometry. We speculate that when this CO is generated near a growing iron oxide
surface, it disproportionates to yield carbon dioxide and carbon. Our approach is
notable given that a low-temperature, solution-phase route for forming carbon

materials such as graphene from the bottom up has remained elusive.
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Iron oxide nanocrystals (NCs) have valuable magnetic and
chemical properties that can be applied in areas as diverse as
environmental remediation, magnetic imaging, and cataly-
sis.' ™ Whether these materials are used in fuel cells, in the
human body, or in underground aquifers, their performance
depends on resistance to a wide range of temperatures and
chemical conditions. For example, when introduced to the
human body, nanoparticles are cleared from the blood over
hours to days by phagocytic cells that dissolve particles in
acidic intracellular compartments.”> The subsequent release of
iron leads to cellular toxicity and has limited particle
applications ranging from magnetic resonance imaging to
drug delivery.’ Also, the wide range of pH and oxidative
conditions found in fuel cells and aquatic environments can
degrade iron oxide materials, resulting in a loss of functional
properties.”””

One way to enhance the nanoparticle chemical stability is to
apply an inert and chemically resistant coating, such as carbon,
to the particle surface. Existing methods for depositing carbon
onto nanostructures rely on pyrolysis or combustion in the gas
phase. These processes yield agglomerated powders covered in
multilayer graphitic material that are difficult to disperse in
liquids and further process.'”~"* Thicker carbon coatings can
diminish the influence of metals on catalytic surfaces, as
observed in carbon-coated metal catalysts, and also reduce the
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relaxivity and saturation magnetization of magnetic nanoma-
terials.' ">

Here we report a solution-phase strategy for depositing
ultrathin graphene-like carbon onto iron oxide NCs. The
process starts with thermal decomposition of iron carbox-
ylates.'*”'® By using moderately high temperatures and longer
times, the NC products become resistant to both seeded
growth and Ostwald ripening. High-resolution transmission
electron microscopy (HRTEM) shows crystalline iron oxide
particles with no visible coating; however, both X-ray
photoelectron (XPS) and Raman spectroscopies reveal
significant sp” carbon content in dried samples. Most notably,
these NCs are resistant to dissolution in concentrated nitric
acid (HNOs;). This carbon coating is likely the result of carbon
monoxide (CO) disproportionation at the growing iron oxide
surface, a process that results in the production of both
elemental carbon and carbon dioxide (CO,).

It is well established that iron oxide NCs with highly
uniform and tunable diameters result from thermal decom-
position of iron carboxylates in organic solvents (Figure
1)."7** Iron carboxylates are formed at low temperatures
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Figure 1. (A) As-synthesized NCs (final temperature 340 °C; 1 h).
(B) As-synthesized NCs (final temperature 340 °C; 24 h). (C) Size
distribution of NCs synthesized for 1 h (red) and 24 h (black).
Neither further growth nor Ostwald ripening is observed. Here n
refers to the number of particles measured for the graph. (D)
HRTEM image of a single iron oxide crystal (340 °C, 24 h). The inset
shows a zoom-in of a representative local area. The lattice fringe
spacing of 0.3 nm corresponds to the interplanar spacing of (220)
planes from magnetite. The scale bar is S nm. (E and F) Seed-
mediated growth experiment showing the original population (20 nm,
green) and the newly formed NCs (11 nm, blue). The scale bar is 100
nm for parts A, B, and E.

(90—200 °C) through the dissolution of an iron source, here
FeOOH or Fe(acac);, by an organic acid (e.g,, oleic acid). Iron
carboxylate decomposition and NC formation have been
reported over a range of reaction temperatures from 310 to
340 °C.”"** With the inclusion of oleylamine, slightly lower

reaction temperatures can be adopted (e.g, 300 °C) with
comparable results (Figure S1). At the very highest temper-
atures of 340 °C, NCs form within the first hour (Figure 1A)
and exhibit little change in the dimensions or uniformity after
prolonged heating (Figure 1B); no statistically significant
change in their particle size distributions is observed over time
(Figure 1C). HRTEM images of the NCs (Figure 1D) show
lattice spacings corresponding to (220) planes of crystalline
iron oxides. These microscopy data are in agreement with X-
ray diffraction (XRD) of recovered powders (Figure S2),
which can be indexed to magnetite (Fe;O,) or wiistite (FeO)
in agreement with past repor‘cs.23

Nanoparticle dimensions also remain unchanged after the
introduction of a fresh iron carboxylate precursor (Figure
1E,F). Normally, such a treatment, termed “seeded growth”,
leads to the growth of NCs as the molecular iron source
deposits on the surfaces of the NCs.'”** The resistance of
these NCs to conventional growth techniques suggests that
their interfaces have been modified in some way to make them
less reactive. Using HRTEM, the iron oxide can be clearly
resolved at the atomic scale with no apparent coating (Figure
S3).

Both Raman spectroscopy and XPS reveal that samples
formed over 300 °C possess sp> carbon consistent with a
graphene-like material (Figure 2). For these measurements, the
black reaction product was purified via repeated sedimentation
and resuspension cycles in hexanes. After purification, the
NCs—and their associated surface species—were collected via
magnetic separation (Figure S4). The NCs formed at elevated
temperatures have Raman peaks consistent with those of
carbon allotropes containing substantial sp> content (Figure
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Figure 2. (A) Raman spectra for iron oxide NCs synthesized at different temperatures for 24 h. Spectra of commercial carbon black and graphene
oxide are presented as references. A 405 nm laser source was used to avoid fluorescence and iron oxide oxidation. All spectra were normalized with
respect to the intensity of the G band (dash line), for which the position and width were modeled to estimate the sp* content (Figure S7). The
region enclosed by the dash-dotted lines shows the higher-order peaks (2D, D + G, and 2G). Oleate-related peaks are identified with an “o” sign,
while iron oxide related peaks are identified with a + sign. (B) XPS survey scan of iron oxide NCs synthesized at 340 °C for 24 h. The Fe 2p, O Is,
and C 1s and Auger KLL carbon peaks are highlighted. (C) C 1s XPS peak of NCs synthesized at 340 °C for 24 h showing the fractions of carbon
(see the Supporting Information). (D) Auger KLL carbon peaks of iron oxide NCs before and after acid treatment. The derivative of this peak is
used to define the D parameter, which is a measure of the sp carbon content. The graphene oxide standard is shown as a reference.

668 DOI: 10.1021/acsanm.9b00093
ACS Appl. Nano Mater. 2019, 2, 667—672


http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00093/suppl_file/an9b00093_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00093/suppl_file/an9b00093_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00093/suppl_file/an9b00093_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b00093/suppl_file/an9b00093_si_001.pdf
http://dx.doi.org/10.1021/acsanm.9b00093

ACS Applied Nano Materials

A

m Undissolved

T, t

s

T

I

1h

3h

Dissolved

Before

Time at 340 °C

Figure 3. (A) Schematic illustrating a partial surface coating of graphitic carbon and a more complete graphene shell around NCs. (B) Iron (w/w
%) leached after exposure of NCs to a 50% HNOj solution for 3 h (yellow). The amount of iron that remains as NCs (gray) is also presented. NCs
were synthesized at 340 °C for 1, 3, and 24 h. While a large portion of the NCs dissolve for the sample heated for 1 h, slightly more than half
dissolve when the synthesis time is increased to 3 h, and less than half dissolve when the reaction time is increased to 24 h. (C) NCs before and

after acid treatment. The samples retain their magnetic properties.

2A).>7*7 A strong band located at ~1580 cm™" corresponds
to the graphite G band.”® Also found in these NCs is the D
band at 1350 cm™' associated with disorder in graphitic
materials.”® Complicating any quantitative analysis of this peak,
however, is the presence of a 1310 cm™! iron oxide band; this
feature is more pronounced at excitation wavelengths of 532
nm (Figure $5).”**° The 2D band located at ~2600 cm™! and
other higher-order peaks were not interpreted here because
their intensity and position were influenced by the substrate,
strain, and morphology.’® Analysis of the G bandwidth and
position relative to various carbon standards shows that NCs
have spectroscopic features most similar to those of graphene
(Figure S6). In general, higher reaction temperatures and
longer times yielded a narrower G band, suggesting the
formation of more ordered regions of sp® carbon.’!

XPS confirms the presence of sp> carbon in our samples
(Figure 2B—D). The full spectrum (Figures 2B and S7)
identifies iron, carbon, and oxygen associated with the NCs.
Figure 2D shows in detail the C 1s peak for a sample heated at
340 °C for 24 h. Quantitative analysis of carbon speciation
from C Is peak fits is challenging even in pure samples.’”*
Significant sp® carbon features are typical in many graphene
and NC samples because of the contribution of adventitious
carbon and residual surfactant (Figure 2C).** A more reliable
method for assessing the content of sp carbon uses the width
of the derivative of the Auger KLL carbon peak (Figure 2D),
referred to as the D parameter (Figure $8).»7*" This
parameter provides a more precise measure of the relative
sp” content and has been validated for many known carbon
standards.”®~*" Using this approach, we find 40% of the carbon
in the NC samples has sp2 character; for comparison, a carbon
nanotube sample is typically 50% sp?, while our graphene oxide
standard is 60% sp* (Figure S9). Moreover, the content of sp
carbon as measured by the D parameter increases with higher
reaction temperatures and the removal of surface-bound
carboxylates, consistent with our observations from Raman
spectroscopy.

Because magnetic separation was used to collect these NCs,
the carbon features identified in Figure 2 must be surface
associated with the iron oxide NCs. To determine how thick of
a coating might be present, we applied quantitative elemental
analysis (Table S1). The NC samples contained very small
amounts of carbon (<15 w/w %). This is consistent with the
magnetization data, which find that the materials have
saturation values close to bulk magnetite (Figure S$4),
indicating that the sample mass is mostly magnetic material.**
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Elemental analysis is agnostic as to the source of carbon: some
will be the sp? carbon detected by XPS and Raman
spectroscopy (Figure 2), while the remainder is the residual
organic carbon also observed in these spectroscopies. If we
make the extreme assumption that all of the carbon is sp? we
would estimate that the coatings are at most one to two
monolayers of carbon. Within a NC sample, we could have
some particles coated with patchy graphitic surfaces as well as
some with a complete graphene-like shell (Figure 3A).

HRTEM images of these particles (Figure S9) cannot clearly
resolve monolayer carbon on a higher-contrast material like
iron oxide. Imaging of carbon at the interface of higher-
contrast materials has only been demonstrated for multiple
layers of carbon.*’ In this case, multiple layers cannot be
generated because the carbon production process requires
active iron oxide surfaces. Further complicating the application
of tools such as High-angle annular dark-field scanning
transmission electron microscopy is the presence of residual
organic carbon in samples. This leads to charging of the
samples and loss of the near-angstrom resolution required to
resolve carbon atoms at the surface of iron oxide."**” In the
absence of direct imaging evidence for the structures proposed
in Figure 3A, we turned toward more functional analysis of the
materials.

We reasoned that the chemical properties of the NCs,
particularly their resistance to acid dissolution, would provide
the best insight into the extent of the carbon coating. Bulk iron
oxide dissolves instantaneously in concentrated HNO3;** we
verified that this is also true for nanoparticles made with this
synthesis at lower temperatures (Figure S10). In contrast, the
NC samples produced at higher temperatures did not fully
dissolve under the same conditions: over 50% of the magnetic
material survived treatment with acid (Figure 3B,C and Video
S1). This drastic change in the chemical properties between
low- and high-temperature heating indicates that the particle
interfaces have undergone substantial alteration.

One hallmark of a graphitic coating is its ability to render
underlying materials chemically resistant. This observation,
along with our spectroscopic evidence in Figure 2, led us to the
conclusion that our iron oxide NCs can become completely
coated with graphene-like shells. Graphene coatings are well-
known to provide chemical resistance to a wide range of metals
and metal oxides. In one case, chemical vapor deposition of
graphene yielded metals that resisted oxidation;"” additionally,
carbon coating of electrocatalysts is motivated, in part, by
protecting materials like iron oxide from harsh, acidic
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conditions.*"> The process described here does not produce
100% vyield of fully coated materials; some material does
dissolve quickly, and we attribute this to the presence of
patchy, incomplete coatings (Figure 3A, left). However, after
24 h of heating, more than half of the sample mass remains
after acid treatment. Analysis of this persistent, magnetic
fraction by Raman, XPS, and XRD reveals iron and carbon
species similar to the original material (Figures 2D and S11). A
notable shift is in the appearance of oxidized carbon; other sp*
carbon allotropes oxidize when treated with concentrated
HNO,.*** Because the extent of oxidation could not be
known, morphological characterizations were not performed
after acid treatment. The data suggest that the yield of fully
coated NCs increases with prolonged heating, as illustrated by
the increasing mass of acid-resistant material in samples heated
the longest (Figure 3B). Patches of graphitic carbon may
develop early in the reaction and over time form into complete
shells (Figure 3A, right).

The generation of elemental carbon during the formation of
NCs was unexpected, and we analyzed the gas-phase products
evolved during the reaction to characterize the mechanism
(Figure 4A). Both CO and CO, are reported byproducts of
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Figure 4. Ratio of CO/CO, evolved (A) with the reaction
temperature and (B) against time at 320 °C, as computed from gas
chromatography—mass spectrometry. During heating at 320 °C, the
ratio of CO/CO, that evolved during particle synthesis differs by 2
orders of magnitude compared with the heating of only oleic acid
(OA) or a mixture of oleic acid and octadecene (OA in ODE),
suggesting the utilization of CO and its conversion to CO, in the
presence of iron.

. . . . . 17,50
thermal decomposition of iron oleate in organic media.

When the reaction is kept at temperatures over 300 °C, we
initially observe higher levels of CO; these levels decline as
more CO, is detected with time (Figure 4B). In the absence of
iron, the decomposition process yields predominantly CO;
when iron is present, significantly greater levels of CO, are
observed. CO is well known to disproportionate at iron/iron
oxide surfaces through the Boudouard reaction:*">*

2CO — CO, + C

Our data suggest that if disproportionation occurs, it is less
favored at shorter reaction times or lower temperatures, and
particle surfaces remain unchanged. Conversely, at longer
times and higher temperatures, graphitic carbon is generated in
greater quantity and may completely encase the particles. CO,
is also generated through the direct reduction of iron oxide by
CO, which is observed by XRD (Figure S2); however, the
presence of enough elemental carbon to coat the NCs suggests
that the contribution of the disproportionation reaction to the
total CO, is probably predominant. The proposed mechanism
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could also explain why such thin coatings are observed: once
carbon forms and deposits on the particle surface, it blocks
further disproportionation.

The generation of graphitic carbon by metal oxides, in
particular iron-based catalysts, has been observed before by
different communities.””>* Metal oxide catalysts are used to
reform biofuels at temperatures as low as 400 °C; typically
granular and non-nanoscale, these materials will reduce the
fatty acid content in feedstocks but can become poisoned by
carbon deposition at their interfaces.”* These researchers have
proposed a mechanism similar to that described here to explain
their observations.”

In summary, the process of iron carboxylate decomposition
at temperatures over 300 °C can lead to the formation of
graphene-like carbon at the surface of iron oxide NCs. Both
XPS and Raman spectroscopy indicate that the surface-
associated carbon resembles a graphene material. Only small
amounts of carbon are found in the NC samples, suggesting
that these coatings may be patchy at early times and, even
when fully formed, do not contain more than one or two
monolayers of carbon. The decomposition of carboxylates at
high temperatures can yield CO, a gas-phase species the we
detect in the absence of iron. We propose that, in the presence
of iron oxide, CO disproportionates into CO, and elemental
carbon, which deposits onto the surfaces of the NCs. Even
though the carbon coatings are too thin to be definitively
resolved by electron microscopy, their existence is revealed by
spectroscopy. Most notably, the presence of complete
graphene-like coatings is the only explanation for the
remarkable acid resistance of the materials. These observations
suggest a starting point for forming graphene and nano-
structured carbon at temperatures below 400 °C in a solution-
phase environment.
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