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ective deposition of iron oxide
nanoparticles on graphite as model catalysts†

Chathura de Alwis,a Timothy R. Leftwich, b Pinaki Mukherjee, b Alex Denofrea

and Kathryn A. Perrine *a

Iron oxide nanomaterials participate in redox processes that give them ideal properties for their use as

earth-abundant catalysts. Fabricating nanocatalysts for such applications requires detailed knowledge of

the deposition and growth. We report the spontaneous deposition of iron oxide nanoparticles on HOPG

in defect areas and on step edges from a metal precursor solution. To study the nucleation and growth

of iron oxide nanoparticles, tailored defects were created on the surface of HOPG using various ion

sources that serve as the target sites for iron oxide nucleation. After solution deposition and annealing,

the iron oxide nanoparticles were found to nucleate and coalesce at 400 �C. AFM revealed that the

particles on the sp3 carbon sites enabled the nanoparticles to aggregate into larger particles. The iron

oxide nanoparticles were characterized as having an Fe3+ oxidation state and two different oxygen

species, Fe–O and Fe–OH/Fe–OOH, as determined by XPS. STEM imaging and EDS mapping confirmed

that the majority of the nanoparticles grown were converted to hematite after annealing at 400 �C. A
mechanism of spontaneous and selective deposition on the HOPG surface and transformation of the

iron oxide nanoparticles is proposed. These results suggest a simple method for growing nanoparticles

as a model catalyst.
Introduction

Iron oxide is the 3rd most common oxide found in the envi-
ronment.1–6 There are many advanced technological uses of iron
oxide materials when they are carefully tailored so that their
unique properties are utilized. Iron oxide materials are
commonly used in both industrial and laboratory scale for
various applications because of their tunable catalytic,
magnetic and electronic properties.7,8 They are used in
producing magnetic storage devices and magnetic ink for jet
printing due to their tunable magnetic properties9 as well as in
medical applications such as biosensing, detoxication and
drug delivery.10 As earth-abundant heterogeneous catalysts,
hematite (a-Fe2O3) and magnetite (Fe3O4) have their own
unique properties depending on their oxidation state and
crystallographic structure.11–13 a-Fe2O3 is used as a photocatalyst
for splitting water for hydrogen fuel generation.14–17 Magnetite
and wüstite are the main phases in industrial ammonia cata-
lysts18 and magnetite is used in catalyzing Fischer–Tropsch
reactions for hydrocarbon fuel production.19–23
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The focus for next-generation heterogeneous catalysts is on
rational design, where metal andmetal oxidematerials could be
selectively grown in dened areas to control the placement and
concentration of catalyst materials, while minimizing costs.24–27

For selective deposition by area activation, the selectivity greatly
depends upon the interaction between the metal adsorbate and
the surface sites.24,27 Carbon supports are typically utilized due
to their high thermal and mechanical stability, without surface
metal support interactions.28–34 Since the discovery of gra-
phene,35 various methods have been used to alter the top layers
of the surface providing nucleation points on an otherwise
chemically stable material.36–42 Defects on graphene and
graphite (highly oriented pyrolytic graphite) surfaces have been
used to create surface sites for further growth of metals,
particularly using various sputtering and plasma methods.43–45

Reactions have been shown to occur at the step edges and used
for nanowire growth.46–48

Metal seed sites could be used as a way to selectively deposit
material using activated areas to plant nucleation sites for
further growth assemblies of nanoparticles. Many groups have
utilized physical vapor deposition viametal evaporation47,49–56 or
electrodeposition to deposit metal nanoparticles on carbon
supports.57–59 Soluble metallic precursors have been used
previously to deposit and reduce metal nanoparticles onto
graphitic materials such as graphite, graphene and carbon
nanotubes.42,46,47,50,52–55,60–62 However not all metallic precursors
are known to nucleate at defects and grow metal nanoparticles
Nanoscale Adv., 2019, 1, 4729–4744 | 4729
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spontaneously. Most chemical reactions occur via either
reduction or functionalization, where the metal nanoparticles
are covalently bound to the graphite surface. Only a few select
studies report deposition without any hole scavengers, reducing
agents or electrodeposition.63 Although defects in graphitic
carbon materials are known to be highly reactive towards
chemical vapor deposition precursors, soluble precursors typi-
cally do not spontaneously react with the surface without
reduction of the metal ion through some other mechanism.
There is some controversy over whether Pt or Ru precursors
spontaneously react with the graphite surface.63,64 Dai and
coworkers found that Pt was spontaneously deposited at surface
defects. Lemay and coworkers found that only with ethanol,
which acts as a hole scavenger, do the precursors spontaneously
react with the single walled nanotubes (SWNTs) without using
a reducing agent.64 Other studies have found correlations
between the reduction potential of the ions with carbon
materials.65

In this study, evidence is presented for spontaneous selective
deposition of iron oxide on highly oriented pyrolytic graphite
(HOPG) using an iron chloride (FeCl2$4H2O) precursor. Selec-
tive deposition was found to occur on the HOPG defects and
step edges, which produced iron oxide nanoparticles without
any additional chemical treatments. Iron oxide nanoparticles
were found to nucleate and grow differently in the defect
domain and the terrace domain. Annealing studies were carried
out to understand how to control the selectivity in the defect
areas, and also the phase of iron oxide. A mechanism is sug-
gested for the deposition and conversion of iron hydroxides and
oxyhydroxides into iron oxide upon annealing in air.

Experimental methods
Sample preparation

An aqueous Fe(II) chloride solution (FeCl2(aq), 0.5 � 10�3 M)
was prepared by mixing 0.010 g of iron(II) chloride tetrahydrate,
FeCl2$4H2O (>99%, Sigma-Aldrich), in 50.00 mL of ultra-pure
water (18 MU cm) in a clean volumetric ask. HOPG (ZYB grade,
Mikromasch) was cut into 5 mm � 10 mm samples. Both sides
of these HOPG samples were exfoliated using adhesive tape
until visibly smooth surfaces were obtained.

Defect formation. Various defects were created on the HOPG
surface using either argon (Ar+) sputtering or a focused ion
beam (FIB) to provide defects for nucleation sites. A Hitachi
2000 A FIB instrument was used to create tailored arrays of
defects on HOPG using a Ga+ beam energy of 30 kV and
a deceleration voltage of 8.8 kV with a current of 3.2 mA. A
striped pattern 12 mm � 28 mm in size was created using a 50
nm aperture and 121 pA beam current. A 20 nm aperture and 3
pA beam current were used to create 20 mm � 20 mm arrays of
square tailored defects (each square was 1 mm2 in area). These
pattern arrays were checked using a Hitachi eld emission
scanning electron microscope (FE-SEM) with a 10 kV beam
voltage and 10 mA beam current at a working distance of 12
mm. The sputter rate was calculated using the amount of
materials removed, by recording a height prole of 1 nm using
atomic force microscopy (AFM) and the time to sputter the
4730 | Nanoscale Adv., 2019, 1, 4729–4744
pattern, which was determined to be 1.68 nm min�1. Ar+ sput-
tering was used to create a large density of defects across the
entire surface for iron oxide nanoparticle nucleation on sepa-
rate HOPG samples. A sputter gun was used to produce Ar+ ions
in a PHI 5800 X-ray photoelectron spectrometer (XPS) using
a PHI 06-350 sputter gun. The Ar+ ions bombarded the HOPG
surface over a large area of 2 mm � 2 mm. The sample was
rastered on the sample stage to sputter multiple areas of the
surface. Twenty-four (4 rows of 6) different spots on the sample
surface were sputtered by moving the sample with respect to the
ion gun to sputter the entire 5 mm � 10 mm sample area. A
sputtering rate of 1.7 nm min�1 was used with a time of 1
minute per spot. The sputter rate was calibrated by sputtering
a silicon oxide sample with a known oxide thickness of 100 nm
(RBD Instruments). The extractor pressure was recorded as 15
mPa while the beam energy of the gun was 5 kV.

Deposition and growth of iron oxide nanoparticles. Iron
oxide nanoparticles were grown by applying a few drops of
FeCl2(aq) solution using a clean glass Pasteur pipette to produce
a droplet (using 5 drops from the pipette, a total of 0.14 mL) to
cover the majority of the HOPG surface. The samples were
covered with a watch glass to prevent evaporation. Aer two
hours, the HOPG samples were rinsed with approximately 50
mL of ultra-pure water (18 MU cm) and dried in air. Then, the
samples were either analyzed using the surface characterization
techniques described below, or placed in a furnace oven for
annealing studies.

The iron oxide nanoparticles supported on HOPG were
annealed in a furnace oven at different temperatures (100 �C, 200
�C, 300 �C, 400 �C and 500 �C) for 2 hours in air, inside a clean
quartz tube. Prior to sample annealing, the quartz tube was
cleaned with nitric acid, rinsed and pre-heated at 400 �C for 30
minutes. The sample was then placed in the quartz tube and
annealed to measure the effect of diffusion of the iron oxide
nanoparticles in the HOPG defect areas. Aer each temperature
treatment, the sample was imaged under FE-SEM to observe the
distribution of the iron oxide nanoparticles on the HOPG surface.
Surface characterization

Field emission scanning electron microscopy (FE-SEM). All
the samples were imaged using a Hitachi S-4700 cold eld
emission high resolution FE-SEM instrument, which was kept
at a high vacuum of around 10�8 torr. Samples were imaged at
10 kV accelerating voltage using a beam current of 10 mA and
a working distance of 12 mm. The samples were mounted on
a circular standard sample holder and clamped using copper
clips, which minimized surface charging. The surface of freshly
cleaved HOPG was rst imaged to use it as a reference image.
Then both FIB and Ar+ sputtered samples were imaged before
applying the FeCl2(aq) solution. The HOPG samples were
imaged before and aer the chemical treatment to check the
surface distribution of iron oxides before annealing. Aer each
annealing step at a specied temperature, the samples were
reimaged to observe the changes of thermal migration of iron
oxide nanoparticles at temperatures up to 500 �C, the temper-
ature at which HOPG is known to begin oxidizing in air.66
This journal is © The Royal Society of Chemistry 2019
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Atomic force microscopy (AFM). AFM images were collected
aer iron oxide nanoparticles were deposited on the HOPG
surface at room temperature and aer HOPG was annealed at
400 �C. AFM images were collected on an Asylum MFP3
instrument. Aluminum coated silicon cantilevers (Budget-
Sensors) with a force constant of 40 N m�1 and a resonant
frequency of 300 kHz were used to collect images using 256
points per line. AFM images were post-processed using a 3rd

order attening. The nanoparticle dimensions were estimated
by counting all particles larger than 1 nm in height. The root
mean squared (RMS) value was measured as an estimation of
the surface roughness for both the terrace and defect regions on
the samples.

X-ray photoelectron spectroscopy (XPS). XPS was performed
using a PHI 5800 to analyze the elemental composition and
oxidation state of surface species of the iron oxide nanoparticles
grown on the HOPG surface. The C1s, O1s, Cl2p, Fe2p and
survey spectra were collected using a Mg X-ray source and an
800 mm diameter detector aperture. The distance between the
sample and the X-ray source was adjusted to increase the signal
of the C1s graphitic peak at 284.6 eV. Survey spectra were
collected using a pass energy of 187.85 eV, a resolution of 0.8 eV
per step and a dwell time of 20 ms per step. High resolution
spectra were collected using a pass energy of 23.50 eV, a reso-
lution of 0.1 eV per step and a dwell time of 100 ms per step. A
Shirley background was used to deconvolute the Fe2p and O1s
regions using 100% Gaussian peak ts. The Tougaard back-
ground subtraction was used for the C1s region.67 The C1s
peaks were tted with Doniach–Šunjić (0.02, 300) asymmetric
line shapes for the sp2 carbon peaks68–70 and the remaining
peaks were tted using 100% Gaussian line shapes. Charge
correction of all the regions was done with respect to the
graphitic C1s peak at a binding energy of 284.6 eV.

Scanning transmission electron microscopy (STEM). Gra-
phene (6–8 layers, graphene thickness 2.1–2.8 nm) on lacey
carbon on a 300 mesh copper TEM grid (Electron Microscopy
Sciences, product number 6GLC300Cu) was used as a substitute
for HOPG (see Fig. S1 in the ESI†). The FeCl2(aq) solution was
deposited on the graphene coated grid and annealed at 400 �C,
as described above to obtain a sample with iron oxide nano-
particles grown thin enough for STEM imaging. STEM imaging
and energy dispersive X-ray spectroscopy (EDS) mapping were
used to measure the phase and composition of iron oxide
nanoparticles aer annealing and to conrm if the deposition
was preferential at the defect sites of graphite. A FEI Titan
Themis aberration corrected scanning transmission electron
microscope was used to obtain atomically resolved electron
images and EDS maps of the iron oxide nanoparticles on the
graphene coated TEM grid. The microscope was operated at 200
kV using a point resolution of the aberration corrected STEM
mode of 0.08 nm. The microscope was equipped with
a SuperX™ X-ray detector, which is composed of 4 detectors for
fast X-ray mapping in STEM mode. The EDS mapping of the
sample was performed on specic particles with an average
beam current of 100 pA. The size of EDS maps was 512 � 512
pixels and the dwell time that was used for collecting the signal
This journal is © The Royal Society of Chemistry 2019
was 20 ms per pixel. All EDS maps were generated by summing
up 10 frames. Velox soware was used to perform dri correc-
tion during data collection and subsequent data analysis. The
experimental diffraction patterns were indexed using Jems
electron microscopy simulation soware.71 We used crystallo-
graphic data available in the JCPDS database (JCPDS card
number 01-076-4579 for a-Fe2O3 and number 00-019-0629 for
Fe3O4) in order to identify the type of iron oxide on the graphene
grid. The post-processing of atomically resolved images was
performed using Microimage and ImageJ soware.

Results and discussion
Spontaneous and selective deposition at defects

FE-SEM was used as the rst analysis method to image the
distribution of iron oxide nanoparticles on the HOPG surface.
The HOPG surface typically consists only of a terrace area with
sp2 hybridized carbon and defect sites at the step edges between
sheets of graphene.72–74 Fig. 1A shows a defect step edge on a at
HOPG surface. This can be compared to Fig. 1B, where nano-
particles were grown on the HOPG step edges from exposure to
the FeCl2(aq) solution. This result suggests that the iron oxide is
spontaneously adsorbed on the step edges on the HOPG surface
without any additional treatment. This is surprising as aqueous
metal precursor solutions typically require reducing agents or
electrodeposition to deposit metals on the HOPG surface. It was
found for AgNO3 without any reduction treatments, Ag is
deposited and aggregates to form large mm sized Ag clusters
aer deposition.53,75 Other studies found that Na2PtCl6 or
HAuCl4 precursors spontaneously react selectively with defects
on SWCNTs.63 Here we observe spontaneous, selective deposi-
tion of iron oxide nanoparticles starting with an aqueous
FeCl2(aq) solution.

To create a higher density of iron oxide nanoparticles, the
HOPG surface was Ar+ sputtered prior to exposure of the FeCl2(-
aq) solution to create multiple defects for iron oxide nucleation,
as shown in Fig. 1C. Additionally, tailored arrays of 1 mm2 defects,
in Fig. 1D, were created using the FIB with Ga+ to generate
uniform nucleation sites and observe deposition of the iron oxide
nanoparticles. The defect patterns on the FIB sputtered samples
are limited to specic small regions (20 mm � 20 mm arrays) on
the HOPG surface. Aer a two-hour chemical treatment with the
FeCl2(aq) solution, the iron oxide nanoparticles are found deposit
in the square defect regions on HOPG at room temperature
(Fig. 1E and F). The iron oxide nanoparticles primarily nucleated
on the defect sites on the HOPG surface with some deposition of
nanoparticles on the terrace regions. The relative concentration
of these particles is somewhat higher in the defect areas than on
the terrace, as expected. The magnied area in Fig. 1F indicates
that iron oxide nanoparticles have nucleated both on the step
edges and in the square defect areas.

There are some differences when using Ga+ and Ar+ to form
defects, thus causing amorphization in the HOPG surface. FIB
sputtering with Ga+ was used to create defects at a sputtering
rate of 1.68 nm min�1, for a 20 mm � 20 mm tailored array of
uniform defects, compared to sputtering with Ar+ at a rate of 1.7
nmmin�1, for a 2 mm� 2 mm area. AFM images were collected
Nanoscale Adv., 2019, 1, 4729–4744 | 4731
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Fig. 1 FESEM images comparing both cleavedHOPG and FIB HOPG defect areas before and after exposure to FeCl2(aq): (A) HOPG, (B) iron oxide
nanoparticles grown on HOPG, (C) iron oxide nanoparticles grown on Ar+ sputtered HOPG, (D) FIB HOPG, (E) iron oxide nanoparticles grown on
FIB defects on HOPG, and (F) higher magnification image of (E) – note: the white line is iron oxide nanoparticles grown on a step edge across the
image.
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for each sample with average root mean squared (RMS) values
as a measure of surface roughness (shown in Fig. S2 in the
ESI†). The RMS values for the Ar+ and Ga+ sputtered samples
were shown to increase, with Ga+ having the highest average
RMS value, due to the higher energy of sputtering (30 keV
compared to 5.0 keV from Ar+). Embedded argon was observed
aer Ar+ sputtering but aer Ga+ sputtering, no embedded Ga+

was detected with XPS (not shown). These differences could also
be attributed to the deceleration of the Ga ion beam and the
short dwell time compared to manual stage adjustment during
the argon sputtering.

Ar+ sputtering has been known to produce amorphization,
thus converting the HOPG hybridized graphitic sheets into
aliphatic carbon and producing dangling carbon bonds for
further reaction.76 For this study, iron oxide nanoparticles were
shown to grow on the step edge defect sites on unsputtered
HOPG. Therefore, it was expected that Ar+ sputtering created
a wide array of aliphatic carbon producing more nucleation
sites for nanoparticle growth. Another study investigated HOPG
implanted with N and Ar atoms separately.77 Defects were found
on HOPG to serve as anchoring sites for the oxygen reduction
reaction, produced from N+ and Ar+ sputtering, forming C–N
species on the HOPG surface. Annealing at 500 �C in UHV was
found to restore the HOPG surface. In air, studies have shown
that annealing in oxygen is found to burn the surface beginning
at 500 �C.39,57,58,66,78 In this study, etching was found to occur at
these temperatures, as discussed next.
Thermal annealing of nanoparticles

Aer deposition, the samples were annealed in air to test if the
iron oxide nanoparticles would coalesce into larger particles
and increase the density of nanoparticles in the defect areas.
4732 | Nanoscale Adv., 2019, 1, 4729–4744
FESEM images were collected aer each annealing treatment of
the same sample, as shown in Fig. 2. Other defect patterns were
created using the FIB, to easily track the effect of iron oxide
nanoparticle from diffusion and growth in the defect areas.
FESEM images in Fig. 2 and 3 show that the majority of the iron
oxide nanoparticles are deposited in the defect areas at room
temperature (Fig. 2A). Aer annealing at 100 �C (Fig. 2B), 200 �C
(Fig. 2C) and 300 �C (Fig. 2D and G), no changes are observed in
the FESEM images. However, aer annealing at 400 �C, the iron
oxide nanoparticles became larger and brighter in the defect
areas (Fig. 2E and H). A higher magnication image (Fig. 2H) of
the particles suggests that either holes are etched into the defect
region of the graphite surface or larger shell-like nanoparticles
are formed. No clear changes of the nanoparticles in the terrace
region are observed. This shows that there are two different
domains of nanoparticles present on the defected HOPG
surface: on the terrace region and in the defect areas.

Aer further annealing at 500 �C (Fig. 2F and 3F) the iron
oxide nanoparticles agglomerate and the HOPG surface appears
to etch from surface oxidation beginning from the defect edge
sites, forming channels in the HOPG surface (see more images
in Fig. S2, ESI†).58,66,79,80 The bare HOPG surface has been
observed previously to etch by annealing in air, beginning also
at 500 �C, but the primary surface oxidation was found to occur
at 650 �C.66 The defect regions have been shown to be affected
by oxidation at lower temperatures.66 It may be suggested that
the iron oxide nanoparticles contribute to the oxidation of the
HOPG surface, thus catalyzing the etching rate on the HOPG
surface, as also observed for Ni nanoparticles80 and other noble
metals.78,81 These details are highlighted below.

The uniform square (1 mm2) defect areas, created by the FIB
instrument, were also imaged aer annealing treatments, as
shown in Fig. 3. The FIB defects are limited to a very small area
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 FESEM images of iron oxide nanoparticles deposited on HOPG at (A) 25 �C and annealed in air, sequentially at (B) 100 �C, (C) 200 �C, (D)
300 �C, (E) 400 �C and (F) 500 �C. Images (G), (H) and (I) are higher magnification images in regions of Figures (D), (E), and (F), respectively.
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on the HOPG surface, enabling us to track the changes of the iron
oxide nanoparticles in the defect regions. The iron oxide nano-
particles are formed at defect sites on the HOPG surface (Fig. 3A).
The images (Fig. 3B to Fig. 3F) depict the results of the iron oxide
nanoparticles on HOPG aer annealing from 100 �C to 500 �C. As
the temperature of the annealing step increases from 100 �C to
400 �C, the iron oxide nanoparticles appear to migrate and coa-
lesce into larger nanoparticles in the defect region (Fig. 3E). No
apparent changes are observed for the nanoparticles on the
terrace region with increasing annealing temperature.

Images in Fig. 3 and S3† clearly show the creation of large
channels beginning at the edges of the defect areas, created
Fig. 3 FESEM images of the annealing profile of iron oxide nanoparticles
400 �C and (F) 500 �C. Iron oxide nanoparticles are shown to coalesc
annealing to 500 �C, the HOPG surface begins to oxidize forming large

This journal is © The Royal Society of Chemistry 2019
originally by the FIB. The square patterns are widened and some
of the FIB lines produce 200–300 nm channels from the edges of
the square area (see Fig. S3†), occurring from air oxidation of
the HOPG surface. The bright regions in Fig. 3F are iron oxide
nanoparticles that have either migrated to the edge defects of
the square area or coalesced in the area. This indicates that the
higher the temperature, the higher the thermal energy that
facilitates the diffusion of iron oxide nanoparticles into the
defect areas and by 500 �C, begins to etch the HOPG surface.

Since we observed two different domains of nanoparticles
aer annealing at 400 �C, the RMS values, a measure of the
surface roughness, and particle size distributions were analyzed
on HOPG annealed to (A) 25 �C, (B) 100 �C, (C) 200 �C, (D) 300 �C, (E)
e in defect sites of an FIB sputtered HOPG sample by 400 �C. After
channels, beginning at the defect (sp3) sites.

Nanoscale Adv., 2019, 1, 4729–4744 | 4733
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using AFM. These images are compared to FESEM images of
various magnications in Fig. 4. Iron oxide nanoparticles were
observed to nucleate on two different domains of the HOPG
surface, the terrace region and the defect region. In Fig. 4, the
black arrows point to the defect region and reveal a lm-like
morphology and the white arrows point to the terrace region of
the HOPG surface.

In the defect region, it appears that larger particles were
formed and they have a core–shell-like structure. The FESEM
images in Fig. 4 show a white halo around the dark particles at
highmagnication. The phase images, shown to the right of the
AFM images, suggest that the nanoparticles grown inside the
defect areas are composed of a hard material compared to the
so HOPG surface. This is evident from the difference in phase
angle, a smaller degree for the iron oxide nanoparticles
compared to the larger phase degree from the HOPG surface.
This indicates that the features in the height image have
a higher hardness characteristic of that of a metal structure on
the so carbon surface, showing that the iron oxide nano-
particles have grown on the defect sites, in agreement with the
FESEM images. An AFM height prole plot compares the
Fig. 4 A comparison of FESEM images with AFM height and phase images
point to the two different domains of iron oxide nanoparticles: (black) th
particles in the defect area (blue) and the terrace area (red) are shown.

4734 | Nanoscale Adv., 2019, 1, 4729–4744
nanoparticles in the defect region with those on the terrace
regions, suggesting that the particles are similar (4–5 nm) in
height in both regions. An RMS value of 0.96 nm was found for
the defect region, in contrast to the RMS value of 1.53 nm for the
terrace region. This is reected in the smaller distribution of
nanoparticles, where larger diameter particles are grown and
well dispersed across the defect region on the HOPG surface.

On the terrace region, the particle size distributions were
analyzed before and aer annealing (shown in Fig. 5). Here, the
RMS value has decreased from 2.0 nm to 1.61 nm aer annealing.
On the terrace region, the nanoparticles have not coalesced
signicantly, but do become a less tight size distribution. Aer
deposition at the defect step edges, the nanoparticles appear to
remain trapped in a stable binding site on the HOPG step edge.
We attribute these observations to the thermal energy needed for
nanoparticle agglomeration and interactions with the surface. In
the defect region, most of the surface is composed of sp3 carbon,
which is not as stable as aliphatic carbon at high temperatures.
Upon annealing, the nanoparticles on the sp3 carbon sites in the
defect areas acquire enough thermal energy to migrate and coa-
lesce into larger particles. On the terrace region,mainly comprised
of iron oxide nanoparticles on HOPG after annealing at 400 �C. Arrows
e defect region and (white) the terrace region. Two height profiles of

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 AFM height and particle size distributions of iron oxide nanoparticles grown in the HOPG terrace region (A) at room temperature (RT) and
(B) after annealing at 400 �C. The AFM phase images are shown below each height image at (C) RT and (D) after annealing at 400 �C.
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of sp2 carbon with sp3 carbon at the step edges, the iron oxide
nanoparticles that are in a xed binding site do not move upon
annealing at 400 �C. Here the nanoparticles may be restricted to
the HOPG step edges, where only the sp3 carbon sites are present
and nanoparticle diffusion occurs. This could explain why the
particles inside the defect area are able to migrate and coalesce
compared to the nanoparticles on the step edges of the HOPG
surface.

Some of the results presented in the images (Fig. 2–5) above
can be explained by the similar behavior of metal deposition on
graphite surfaces. The metal diffusion phenomenon has been
observed for other metals (Cu, Ru, and Dy) that were evaporated
onto the HOPG surface.82–89 At substantially higher tempera-
tures above 800 �C in vacuum (without oxygen), the metals were
shown to diffuse under the graphene sheets beginning at the
defects. There, the metal atoms form boat-like islands, and
graphite will reform the moiré patterns on top of the metal
boats. We attempted STM in our studies with iron, but were
unsuccessful in obtaining similar features under our annealing
conditions. In our study, oxidation occurs in air at 500 �C along
with etching of the defect patterns where channels are created
in the graphite surface. Simultaneous oxidative etching of
This journal is © The Royal Society of Chemistry 2019
HOPG occurs with the coalescence of the iron oxide nano-
particles. A similar etching observation has been made for
evaporated Ni particles that formed similar channels, through
a catalytic hydrogenation etching mechanism, also at 500 �C, in
hydrogen gas followed by subsequent annealing at 900 �C.80 Our
observations here suggest that if catalytic etching occurs in air
by the iron oxide nanoparticles, the onset begins between 400
�C and 500 �C.

Post-annealing of sputtered graphite surfaces has been
known to stabilize transition metal nanoparticles at different
temperatures. Ag nanoparticles deposited by electron beam
deposition onHOPG were found to deposit in the rst few layers
of HOPG. Annealing the unsputtered HOPG above 150 �C
allowed for the Ag nanoparticles to sinter; however, annealing
aer sputtering the HOPG surface enabled the stabilization of
the Ag nanoparticles. This could be due to the catalytic effect of
Ag, thus inducing surface reconstruction of the moiré lattice
pattern.78 In the presence of ethylene and oxygen, surface
etching was shown to occur at a much lower temperature of 250
�C compared to annealing in air, where the etching was found to
begin at 500 �C.66 Another study investigated noble metal core–
shell nanoparticles on Ar+ sputtered HOPG. It was determined
Nanoscale Adv., 2019, 1, 4729–4744 | 4735
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that Au nanoparticles with a uniform (4–7 nm) size distribution
could be grown on sputtered HOPG aer annealing at 300 �C.
These studies agree with our results that sputtering can anchor
metallic nanoparticles to graphitic surfaces and may provide
stabilization. Annealing of the Au nanoparticles at 300 �C
allowed them to coalesce to a narrow size distribution.81 Other
nanoparticles with narrow size distributions have been grown
using metal evaporation on pre-annealed HOPG, which allows
for deposition at defects.46,47,50,52,54,62,90,91 If higher temperatures
are used to anneal the graphite, the nanoparticles are able to
diffuse to a defect site and tunnel under the graphite sheets
producing metal islands, as observed in the STM studies.82,84–86

Although this was not observed in our studies, further investi-
gation of other transition metal nanoparticles on graphitic
materials may isolate differences and trends in effects from
annealing. In this study, it is apparent, from Fig. 2–5, that the
iron oxide nanoparticles in the defects migrate during anneal-
ing in air at modest temperatures. This is possibly due to the
weak interactions from physisorption between iron oxide
nanoparticles and the sp3 defects on the HOPG surface,
resulting in a domain of larger particles. Next, we examine the
elemental composition and oxidation states of iron oxide
nanoparticles using XPS.
XPS analysis

XPS was used to measure the oxidation states of the iron oxide
nanoparticles grown on HOPG and Ar+ sputtered HOPG before
and aer annealing at 400 �C. The C1s, O1s, Cl2p and Fe2p
regions were examined. The HOPG surface was sputtered with
Ar+ to create a high density of small defect sites, thus allowing for
a high distribution of nucleation points for iron oxide nano-
particle deposition. This increase in density of the iron oxide
nanoparticles provided a sufficient signal to characterize the
oxidation state of iron oxide by XPS. Fig. 6 compares the Fe2p and
Fig. 6 Fe2p and O1s XPS regions of iron oxide nanoparticles (before and
iron oxide nanoparticles on HOPG and Ar+ sputtered HOPG before and a
oxide nanoparticles on HOPG after deposition and after annealing at 4
deposition and after annealing at 400 �C.

4736 | Nanoscale Adv., 2019, 1, 4729–4744
O1s regions for the HOPG and the sputtered HOPG surfaces
exposed to FeCl2(aq) before and aer annealing at 400 �C. The
spectra in the Fe2p region (Fig. 6A) show Fe–O at an Fe2p3/2
binding energy of 711.4 eV aer deposition of the iron oxide
nanoparticles on both HOPG and the sputtered HOPG at room
temperature. The peak at 711.4 eV is assigned to the Fe3+ oxida-
tion state, in agreement with previous studies of evaporated Fe
metal on HOPG.92,93 These binding energies are higher by 0.5–1
eV compared to single crystal a-Fe2O3(0001) (hematite) at 710.9
eV and Fe3O4(001) (magnetite) at 710.4 eV, owing to the oxidation
of the particles from exposure to ambient conditions.92,94 Apart
from the Fe–O peak in the Fe2p3/2 and Fe2p1/2 regions, there is
another peak at 714.6 eV assigned to an Fe–OH species, from
additional oxidation states. Higher oxidation states and satellite
features are also observed for single crystal hematite and
magnetite, but in our case these are not observed from the low
concentration of nanoparticles on the HOPG surface.11,95–97 In
both types of samples in Fig. 6A, the binding energies remain
unchanged with annealing and only an increase in the Fe2p
intensities on the sputtered HOPG was observed.

Although there is a minimal signal from the nanoparticles, we
only attempt to deconvolute the Fe2p region, as there are several
complications in the proper analysis of the Fe2p region.92,98–101

The Fe2+ and Fe3+ oxidation states have multiplet splitting in the
Fe2p region, which arises from the interaction of 3d electrons of
iron and the remaining 2p electrons aer photoelectron ejection,
known as Russell–Saunders coupling.92,101 Additional satellite
peaks, plasmon peaks, surface peaks and initial peaks are
present, which makes the interpretation of the Fe2p region
complex. Although the Fe2+/Fe3+ states could not be distin-
guished with a low signal to noise ratio, XPS analysis conrmed
that there was iron on the surface of HOPG aer the deposition
step and aer annealing. Because the signals are very small due
to the low density of the iron oxide nanoparticles, the satellite
after annealing) on HOPG and Ar+ sputtered HOPG. (A) Fe2p region of
fter annealing at 400 �C. The O1s region is shown to compare (B) iron
00 �C with (C) iron oxide nanoparticles on Ar+ sputtered HOPG after

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 STEM HAADF images and EDS mapping images of iron oxide
particles grown on defects and annealed at 400 �C on a graphene
coated TEM grid.
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peaks of Fe2p3/2 and Fe2p1/2 are not clearly visible and may be
embedded in other peaks. It is expected that several satellite
peaks may arise from the presence of Fe2O3 and FeOOH species.
To unambiguously identify the phases of the iron oxide nano-
particles, crystallographic analysis and high angle annular dark
eld (HAADF) and STEM imaging were used.

The O1s region in Fig. 6B and C shows interesting differences
in the HOPG and sputtered HOPG samples aer deposition of the
iron oxide nanoparticles. There is no O1s signal present on
unsputtered HOPG102 as shown in Fig. S4 in the ESI†, so the
oxygen on the surface must originate from the deposited iron
oxide nanoparticles. On sputtered HOPG, in Fig. 6C and S4,† the
majority of the O1s species at 533.3 eV originate from air oxida-
tion with the sputtered HOPG surface. The O1s binding energies
are assigned by comparison to single crystal hematite and
magnetite.96,103,104 The O1s peak at 530.5 eV is assigned to the Fe–
O species. In single crystal a-Fe2O3(0001) and Fe3O4(001), the
largest peak is located at 530–531 eV from the Fe–O binding
energy.92,105 The peak at the higher binding energy of 532.7 eV is
assigned to C–O and the Fe–OH species on the surface of the iron
oxide nanoparticles, attributed to a larger number of hydroxyl
groups on the surface of each nanoparticle, from water dissoci-
ation prior to analysis. This is expected as iron hydroxides/oxy-
hydroxides are typically formed as a result of the reaction between
Fe2+ and Fe3+ with water and oxygen, from exposure to ambient
conditions.106–108 The third peak in the O1s region is attributed
either to adsorbed water or silicon dioxide contamination on the
surface, produced from minor impurities in the precursor.

A separate benchmark experiment was performed where an
HOPG surface was sputtered with Ar, exposed to air for 1 hour,
and reanalyzed using XPS (Fig. S4 in the ESI†). Fig. S4† shows
that indeed air reacts with the Ar+ sputtered HOPG surface, as
seen in the O1s region, presumably from the dangling bonds
from the defect formation on the surface, producing peaks at
532.4 eV assigned to a C–O species and 535.4 eV assigned to
residual water. Aer the sample is exposed to the FeCl2(aq)
solution, there is an increase in the C–O peak area and the
formation of an Fe–O species at 530.3 eV. Even on an unsput-
tered HOPG surface, the FeCl2 reacts with the HOPG surface to
form iron oxide nanoparticles at the defect step edges,
producing the same two O1s peaks at 530.5 eV and 532.6 eV. As
shown in Fig. S4† (A), no oxygen is observed on the HOPG
surface prior to exposure of the FeCl2(aq) solution. This
suggests that the O1s signal originates from the iron oxide
nanoparticles that are grown on the HOPG surface. Further
evidence for oxygen only being present on the iron is presented
in the STEM images and analysis by EDS below.

Aer annealing at 400 �C, the ratio of the Fe–O and Fe–OH/
C–O peaks in the O1s region changes in peak area, suggesting
that iron hydroxide species have been dehydrated from the
annealing. The area under the Fe–O peaks has increased relative
to the Fe–OH/C–O species. Before annealing, the Fe–OH/C–
O : Fe–O ratio in the O1s region is observed to be 31.2 : 1 on the
plain HOPG surface and 7.1 : 1 on Ar+ sputtered HOPG. Aer
annealing in air, the ratio decreases to 7.1 : 1 on the plain HOPG
surface and 3.3 : 1 on Ar+ sputtered HOPG, which suggests
a restructuring of the iron oxide nanoparticles. The C1s region
This journal is © The Royal Society of Chemistry 2019
was compared for the HOPG and Ar+ sputtered HOPG, shown in
Fig. S5† in the ESI.† A slight increase in the C–O concentration
was observed aer iron oxide nanoparticle nucleation and
annealing, but no other signicant changes in the C1s region
were observed. The Cl2p region was scanned aer FeCl2 expo-
sure and no chloride species were detected on the samples (see
Cl2p regions in Fig. S6 in the ESI†).

STEM imaging

To identify the individual growth and phase of iron oxide nano-
particles on HOPG, the nanoparticles were imaged using scan-
ning transmission electron microscopy (STEM). The HOPG
samples were too thick for the STEM analysis, so the iron oxide
nanoparticles were grown separately on graphene (6–8 layers of
graphene) on lacey carbon 300 mesh copper TEM grids and
annealed at 400 �C, as described above for the HOPG samples.
The samples were rst imaged using FE-SEM imaging to check for
reproducibility of similar size iron oxide nanoparticles and that
the integrity of the graphene grid remained intact post-annealing.

Fig. 7 shows the HAADF and EDS mapping images of iron
oxide nanoparticles aer deposition and annealing on the
Nanoscale Adv., 2019, 1, 4729–4744 | 4737
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graphene coated grid. Arrows point to the defect holes in the
graphene and the white areas show the growth of the iron oxide
nanoparticles at the defect edges. The grid was characterized
using FESEMprior to STEMexperiments (Fig. S1 in the ESI†). The
iron oxide nanoparticles analyzed in STEM were only deposited
on the 6–8 layer graphene coating and not the copper portion of
the grid. The 6–8 layers of graphene allowed for a reasonable
model of the HOPG surface in addition to fabricating a specimen
thin enough for STEM characterization. Fig. S1† also shows the
graphene grid exposed to the FeCl2(aq) solution for 2 hours and
then dried compared to the same grid annealed in air at 400 �C.
Aer iron oxide deposition and rinsing with water, the FeCl2
covers the graphene coating, from the large number of natural
defects present on the grid. Aer annealing, the iron oxide
agglomerates to larger and smaller clusters. The smaller clusters
on the graphene section were imaged using STEM. The graphene
diffraction pattern was observed close to where the nanoparticles
were imaged (not shown). The structures of the graphene coated
TEM grid and the sputteredHOPG are different, but both contain
Fig. 8 STEM HAADF images of hematite (A and B) and magnetite (C and
[001] zone axis. (B) A magnified view of the image and its corresponding
zone axis. (D) A magnified view of the image and its corresponding FFT.

4738 | Nanoscale Adv., 2019, 1, 4729–4744
defects, which allowed for the nucleation and growth of the iron
oxide. This difference is demonstrated by the experiment where
the iron oxide nanoparticles were grown at the defect step edges
on unsputtered HOPG.

The EDS mapping clearly indicates that iron and oxygen
signals are from the nanoparticles and the carbon signals from
the graphene-coated grid (see Fig. S7 for the EDS spectrum in
the ESI†). It is evident that the surface distribution of oxygen
(blue color) is symmetrical to the surface distribution of iron
(red color). The green areas show regions of carbon signal
originating from the graphene and also regions where iron and
oxygen are not present. This clearly indicates that oxygen orig-
inates from iron oxide and that the nanoparticles have grown on
the defect edges of the graphene grid aer annealing at 400 �C.

The HAADF images in Fig. 8 show two types of iron oxide
nanoparticles. They were identied as hematite (Fig. 8A and B)
and magnetite (Fig. 8C and D) from their corresponding fast
Fourier transforms (FFTs) shown at the upper right sides of the
images. The images of both hematite (Fig. 8B) and magnetite
D) particles. (A) HAADF image of a hematite particle viewed along the
FFT. (C) HAADF image of a magnetite particle viewed along the [001]
The majority of the particles were identified as hematite.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Proposed reaction mechanism of iron oxide nanoparticle
deposition, nucleation and transformation on HOPG defects and
formation of iron oxides and hydroxides. Further annealing in air
produces primarily Fe2O3, through dehydration of hydroxides and
oxyhydroxides.
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(Fig. 8D) clearly show the Fe atom columns, which is a good
indication of the crystallinity of iron oxide nanoparticles. The
FFTs show the co-existence of hexagonal a-Fe2O3 (hematite) and
FCC spinel Fe3O4 (magnetite) phases. The FFT of Fig. 8B
corresponds to a particle with a hexagonal hematite phase
projected along the [001] zone axis. All points represent {11�20}
planes (d ¼ 2.5 Å). The FFT of Fig. 8D corresponds to a particle
belonging to the cubic magnetite phase projected along the
[001] zone axis. This is evident from the presence of {220} (d ¼
2.9 Å) and {620} (d ¼ 1.3 Å) planes. Although both magnetite
and hematite crystal phases were identied on the surface of
HOPG, the majority of the nanoparticles were observed to have
the stoichiometry of hematite, according to the EDS spectrum of
the STEM images (Fig. S3†). This elemental ratio is expected
when annealing iron oxide particles in excess oxygen (e.g. air),
according to the phase diagram of iron oxide.

Discussion

According to our analysis, we observed the spontaneous and
selective deposition of iron oxide (primarily a-Fe2O3) at natural
step edges and sputtered defect areas of HOPG. A mechanism for
the deposition and conversion of FeCl2(aq) into iron oxide
nanoparticles is proposed below (Scheme 1). First, the Fe2+(aq)
must be reduced upon spontaneous deposition onto the sp3

defect sites to create nucleation seeds before further growth to
nanoparticles. Previous studies found the correlation reduction
potential of the Au(HAuCl4), Pt(Na2PtCl4), and Fe(NO3)3 precur-
sors and whether deposition was spontaneous on carbon nano-
tubes.9,65 The reduction potentials of AuCl4

� and PtCl4
2� on

single walled carbon nanotubes (SWCNTs) are +1.002 V and
+0.775 V, respectively, with respect to the standard hydrogen
electrode (SHE). For the study with Fe(NO3)3, defects in the form
of organic functionalities were found to facilitate the electron
transfer reaction between Fe3+ and the MWCNT substrate,
reducing Fe3+ into Fe2+. There, electron rich carbon nanotubes
donate electrons to Pt2+, Au3+, and Fe3+ cations, reducing them
upon selective deposition of Au, Pt and Fe3O4 at the SWCNT
defects.9,63,64 For our study, the standard reduction potential of
Fe3+ to Fe2+ is +0.771 V, a similar value to that observed for Au
(HAuCl4) and Pt (Na2PtCl4).65 Therefore, in the presence of
a graphite surface in aqueous solution, Fe2+ is susceptible to
oxidation into Fe3+ by water hydrolysis. The proposed mecha-
nism below suggests that the Fe2+ is oxidized to Fe3+ and forms
hydroxide and oxyhydroxide species. The reduction potential of
Fe2+ to Fe–OH is favorable, at �0.44 V, and the reduction
potential to reduce Fe(OH)2 to Fe

0 is�0.89 V.109 It is possible that
the spontaneous reaction could occur from the Fe2+ with dis-
solved oxygen andwater to form iron oxides and hydroxides, such
as Fe(OH)2. Such iron species are easily oxidized by dissolved
oxygen into higher hydroxides, Fe(OH)3 and oxyhydroxides
(FeOOH). These products in the reaction steps below are evident
from the XPS data, where Fe–OH/OOH is the primary peak in the
XPS O1s region.

Aer annealing at 400 �C, the iron oxide nanoparticles in the
defect areas, consisting of sp3 carbon, are found to diffuse and
coalesce to larger core–shell-like particles. The observed AFM
This journal is © The Royal Society of Chemistry 2019
and FESEM images suggest that the nanoparticles in the terrace
region (sp2 carbon) of the HOPG surface do not move or
signicantly change in size aer annealing. These changes are
attributed to the differences in the sites available on the HOPG
surface. The sp3 carbon sites on the defect areas, including the
step edges of HOPG, are highly reactive, thus allowing for facile
adsorption of the iron oxide nanoparticles. Aer annealing, the
nanoparticles in the defect areas diffuse and coalesce, while the
nanoparticles on the defects in the terrace region of the HOPG
surface do not. This suggests that the iron oxide nanoparticles
are not tightly bound to the surface defects as observed for the
particles on the terrace.

The XPS results showed that nanoparticles are primarily Fe–
OH species before annealing, with a +3 oxidation state. Aer
annealing at 400 �C and oxidation in air, the Fe–OH species
undergoes dehydration and restructures into a-Fe2O3, as
observed by the change in surface species observed in the O1s
XPS spectra and the HAADF images. The diffraction pattern
showed that both a-Fe2O3 and Fe3O4 are present in defects with
the majority being a-Fe2O3. However, aer annealing, conver-
sion of iron oxyhydroxides and hydroxides is incomplete aer 2
hours of air oxidation. Further annealing may completely
convert the particles to Fe2O3. Some of the remaining Fe–OH/
OOH signal in the O1s XPS region can be explained through the
adsorption of water from exposure to ambient conditions,
which leads to the regeneration of iron hydroxides and oxy-
hydroxides. This agrees with reported literature studies which
show that even pure single crystal hematite also has a thin layer
of iron oxyhydroxides as a result of the inuence of atmospheric
moisture.94,96 EDS mapping conrmed that the aggregated iron
oxide nanoparticles grow in the defects as iron oxide, with no
further oxidation of the graphitic surface.

According to the above proposed mechanism, it is possible
to form both hematite and magnetite on the HOPG surface.
Annealing in air at high temperature facilitates the conversion
of most of the magnetite (Fe3O4) into hematite (Fe2O3) with
higher oxidation states.110 Apart from oxidation, annealing
facilitates the removal of water (dehydration), which converts
Nanoscale Adv., 2019, 1, 4729–4744 | 4739
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iron hydroxides and oxyhydroxides into iron oxide. However,
when the HOPG surface is exposed to air, a certain amount of
atmospheric water vapor is condensed on the HOPG surface
which could react with hematite and regenerate a certain
amount of iron oxyhydroxides (Fe–OOH), thus resulting in the
largest Fe–OH species in the O1s XPS region. This agrees with
studies on single crystal hematite, where a thin layer of iron
oxyhydroxides is produced as a result of the inuence of
ambient moisture.94,96,106–108

Overall, this study conrmed the feasibility of spontaneous
and selective deposition of iron oxide (hematite) nanoparticles
on predened areas (defect sites) on HOPG using a simple
metal precursor. These results show an easy method for selec-
tive metal deposition for hematite nanoparticles as model
heterogeneous catalysts that are stable at modest temperatures.

Conclusions

Iron oxide nanoparticles were selectively deposited on HOPG
defects using an FeCl2(aq) precursor. Nanoparticles were found to
adsorb to defects in both the terrace areas and defect areas on the
HOPG surface at room temperature. The binding energy between
the terrace and iron oxide nanoparticles is relatively strong
compared to the bonds formed in between iron oxide nano-
particles and defect sites of HOPG, thus allowing the nano-
particles in the defect areas (sp3 carbon) to diffuse and coalesce.
The iron oxide nanoparticles in the defect areas serve as the
primary nucleation sites for iron oxide nanoparticles. Additional
studies are required to nd the exact nature of their adsorption.
When the temperature increases above 400 �C, the HOPG surface
is oxidized, forming hematite nanoparticles. The iron facilitates
the diffusion and etching of the HOPG surface above 400 �C.
These studies have shown that spontaneous deposition of iron
oxide nanoparticles occurs at the HOPG defects. Upon annealing
at 400 �C, the iron oxide nanoparticles coalesce to form primarily
hematite. These fundamental studies suggest a simple method
for spontaneous and selective deposition on graphite as a model
system for potential heterogeneous catalysts.
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