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ABSTRACT: Doping is a well-known approach to modulate
the electronic and optical properties of nanoparticles (NPs).
However, doping at nanoscale is still very challenging, and the
reasons for that are not well understood. We studied the
formation and doping process of iron and iron oxide NPs in
real time by in situ synchrotron X-ray absorption spectroscopy.
Our study revealed that the mass flow of the iron triggered by
oxidation is responsible for the internalization of the dopant
(molybdenum) adsorbed at the surface of the host iron NPs.
The oxidation induced doping allows controlling the doping
levels by varying the amount of dopant precursor. Our in situ
studies also revealed that the dopant precursor substantially
changes the reaction kinetics of formation of iron and iron oxide NPs. Thus, in the presence of dopant precursor we observed
significantly faster decomposition rate of iron precursors and substantially higher stability of iron NPs against oxidation. The
same doping mechanism and higher stability of host metal NPs against oxidation was observed for cobalt-based systems. Since
the internalization of the adsorbed dopant at the surface of the host NPs is driven by the mass transport of the host, this
mechanism can be potentially applied to introduce dopants into different oxidized forms of metal and metal alloy NPs providing
the extra degree of compositional control in material design.
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Doping has led to a revolutionary breakthrough in the
design of semicondutor devices. Yet, it is still challenging

to introduce dopants in nanoparticles (NPs) in order to access
properties unavailable in the undoped materials.1−3 Different
types of interactions between host and dopant are responsible
for the properties of doped NPs. The new properties in doped
NPs may originate from spin exchange interactions between the
dopant and host,4−6 presence of long-lived highly isolated
electronic states,7,8 or simply from high concentration of
structural defects.9 Recently, it has been demonstrated that
doping of bulk γ-Fe2O3, that is traditionally considered as an
anode material in lithium-ion batteries,10 with high-valent metal
cations such as Mo6+ results in more than five-times increase in
Li+ ion capacity in the cathode range from 4.1 to 2.0 V (vs Li/
Li+).11,12 Charge compensation in Mo6+-doped γ-Fe2O3
assumes the formation of an extra cation vacancy (□) per
each Mo6+ [Fe2O3 + xMo6+ → Fe2(1‑x)□xMoxO3 + 2xFe3+] in

iron oxide matrix. As the concentration of cation vacancy
increases, metal oxide can accommodate insertion of more Li+

ions leading to higher capacities in the cathode range that tunes
γ-Fe2O3 into cathode material.
Despite the growing importance of the doped NPs for a

broad range of applications, their synthesis is facing challenges
since doping NPs is in general more difficult than their bulk
counterpart.5,13−15 Difficulty of doping may have thermody-
namic nature. Previously, it was suggested that the defect
formation energy in NPs is higher than that of bulk host
materials, and as a result, the doped NPs are thermodynami-
cally less stable than the undoped ones.14 However, with the
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progress in the synthetic strategies, it was established that the
reaction kinetics also plays a crucial role in synthesis of doped
NPs and allows their synthesis under thermodynamically
unfavorable conditions.1,13 As a result, different synthetic

strategies based on control over reaction kinetics via adjustment
of the reactivity of the precursors, reaction temperature, and
diffusion have been proposed.5,16−21 When the dopant and host
precursors have similar reactivity, the dopant atoms can

Figure 1. Characterization of Mo-doped hollow iron oxide NPs. (a,b) TEM images of the iron NPs before oxidation (a) and Mo-doped iron oxide
NPs after oxidation (b), respectively. The inset in panel b is a high-resolution TEM image of a hollow shell NP. (c) Bright-field and energy-filtered
TEM images of iron/iron oxide core/hollow shell NPs. Elemental mapping was performed by filtering at Fe L-edge (purple), Mo M-edge (green),
and O K-edge (red). (d) XRD patterns of the NPs before and after oxidation. (e) XANES spectra on Mo L3-edge of Mo-doped hollow iron oxide
NPs and the standard Mo species. (f) EXAFS data on Fe K-edge from bulk γ-Fe2O3 and undoped and Mo-doped hollow iron oxide NPs. (g) Li+ ion
capacity as a function of cycle number for Mo-doped (∼6.37%) and undoped hollow iron oxide NPs and the hollow iron oxide NPs prepared by
surface modification of iron NPs with MoO2(acac)2 followed by subsequent oxidation (such procedure results in ∼6% of Mo). The samples were
cycled at 300 mA/g in the voltage range of 3.5−1.5 V (vs Li/Li+).
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participate in the nucleation and growth of the host material
and direct in situ doping is possible.21 When doping of NPs is
achieved by trapping of the dopant atoms at the surface of
nucleated core, the low reaction temperature is found to
prevent the dopant from diffusing out of the NPs during their
further growth.22,23 Also, doping in NPs can occur as a result of
inward diffusion of the dopant from the solution into the lattice
of undoped NPs followed by cation exchange reactions
between the dopant and host.24,25 This method exploits the
fact that the ionic diffusion rate in NPs is higher than that in
bulk.26

Despite a substantial progress in synthesis of doped NPs, our
understanding of the doping mechanisms is still mainly based
on ex situ techniques including optical spectroscopy, electron
paramagnetic resonance (EPR), and transmission electron
microscopy (TEM) analyses that provide only limited
information on the doping reaction kinetics.21,22,24 Successful

synthesis of doped NPs requires correlation of various kinetic
parameters, and hence, time-resolved studies on the doping
processes are critical to resolve the doping mechanism.
Being inspired by the enhanced electrochemical properties of

bulk γ-Fe2O3 doped with Mo6+ cations mentioned above, we
conjectured that high-valent cation doping of metal oxide NPs,
that already have high level cation vacancy,27 can be a
promising strategy to further increase the Li+ ion capacity.11,12

Thus, we selected synthesis of molybdenum-dope hollow iron
oxide NPs. In order to access the reaction kinetics and to study
the doping mechanism, we conducted real-time in situ
synchrotron quick-scanning X-ray absorption spectroscopy
(XAS) technique that allowed simultaneous monitoring of
reaction kinetics of the precursors, compositional change of the
NPs, and the chemical state (valency and coordination
geometry) and position (whether it is in the solution or in
the host lattice) of the dopant. Our time-resolved XAS study on

Figure 2. Temporal changes of Fe and Mo XANES spectra and the ratio of iron and molybdenum species during the synthesis of Mo-doped and
undoped hollow iron oxide NPs. (a,b) XANES spectra acquired during the synthesis of Mo-doped hollow iron oxide NPs at Fe K-edge (a) and Mo
K-edge (b). The inset in panel a depicts the measurement setup and the pathways of the incident (I) and fluorescent (II) X-ray beam. The inset in
panel b shows the magnified prepeak range. (c) Fe K-edge XANES spectra acquired during the synthesis of undoped hollow iron oxide NPs. (d,e)
Temporal change in the ratio of iron and molybdenum species in the reaction mixture as a function of time during the synthesis of Mo-doped hollow
iron oxide NPs. The reaction temperature reached 180 °C at 37 min. (f) Temporal change of iron species ratio during the synthesis of undoped
hollow iron oxide NPs. The reaction temperature reached 180 °C at 32 min. The data in panels d, e, and f are derived from XANES spectra in panels
a, b, and c, respectively.
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the synthesis of molybdenum-doped hollow iron oxide NPs
revealed an oxidation induced doping mechanism by which the
mass transport of the host (iron and oxygen) induces the
internalization of dopant atoms (molybdenum) into the lattice
of oxidized NPs (γ-Fe2O3). In addition, we discovered that the
presence of the dopant (molybdenum species) changes both
the decomposition kinetics of the iron precursor and NP
oxidation and stabilizes the NPs as inorganic ligands. Moreover,
the same phenomena have been also observed for cobalt NP
systems.
Synthesis and ex Situ Characterization of Mo-Doped

Hollow Iron Oxide NPs. The synthesis of Mo-doped hollow
iron oxide NPs was conducted using a modification of the
method developed for hollow iron oxide NPs synthesis (see
Scheme S1 in Supporting Information).27,28 In a typical
reaction, iron pentacarbonyl [Fe(CO)5] is introduced into a
reaction mixture containing the molybdenum precursor
[MoO2(acac)2] and oleyamine at elevated temperature that
results in the thermal decomposition of iron precursor and
formation of metallic NPs (Figure 1a). Then bubbling of dry air
into the mixture leads to the formation of Mo-doped hollow
iron oxide NPs via Kirkendall effect (Figure 1b).28

Energy-filtered TEM images of the half-oxidized NPs that
have the iron core and the iron oxide shell show that Mo is
evenly distributed within the iron oxide shell (Figure 1c). The
X-ray diffraction (XRD) pattern of the hollow NPs after
oxidation can be assigned both to γ-Fe2O3 and Fe3O4 or their
mixture since these phases have very similar lattice parameters,
with a trace amount of metallic iron (Figure 1d). Note that the
metallic iron was still present in Mo-doped NPs even after 30
min of oxidation that pointed out to substantially higher
oxidation resistance of Mo-doped NPs than undoped ones, in
which no metallic iron was observed (Figure S1 in Supporting
Information). No signals characteristic of molybdenum oxide
(MoO2, MoO3) or iron molybdate (FeMoO4, Fe2(MoO4)3)
were detected. Notably, the relative intensities of the diffraction
peaks from hollow NPs are significantly different from those of
bulk iron oxide, indicating that the distribution of the cation
vacancies in the crystalline lattice of NPs is considerably
different from the bulk counterpart.29,30 Decreased (400) and
increased (220) and (422) peak intensities of XRD spectra of
the hollow NPs pointed out to a much higher level of cation
vacancies in octahedral sites as compared to the bulk γ-Fe2O3
(for details, see the XRD simulation section and Table S1 and
Figure S2 in Supporting Information).
In Mo-doped hollow iron oxide NPs, Mo6+ cations are in

tetrahedral sites according to X-ray absorption near edge
structure (XANES) analysis on Mo L3-edge revealing the
energy splitting of ∼2.4 eV that is close to 2.42 eV of
Na2MoO4, a tetrahedrally coordinated Mo6+ compound (Figure
1e).31 Extended X-ray absorption fine structure (EXAFS) data
on Fe K-edge (Figure 1f) demonstrated much weaker signals
from Fe−Fe scattering paths in Mo-doped NPs (see Figure S3
in Supporting Information for the corresponding XANES
spectra), which is characteristic of a high vacancy level of the
cation (Fe3+) sites as compared to bulk γ-Fe2O3 and undoped
iron oxide NPs. In addition, increase in the concentration of
vacancies in Mo-doped (∼6.37%) iron oxide NPs was also
confirmed by ∼30% higher Li+ ion capacity as compared with
undoped hollow iron oxide NPs (Figure 1g).
In Situ X-ray Adsorption Spectroscopy Study of Mo-

Doped and Undoped NP Synthesis. In order to reveal the
doping mechanism, we performed in situ synchrotron X-ray

absorption spectroscopy measurements on the synthesis of Mo-
doped and undoped hollow shell iron oxide NPs. The reaction
was conducted using the same setup that we used for the NP
synthesis in the lab. The X-ray absorption spectra were
measured by irradiating X-ray beam through a slit on the
reaction vessel (see Figure S4 in Supporting Information for the
picture and the illustration of the setup). To monitor the
formation of the NPs and the doping process in real time, we
measured Fe K-edge (7112 eV) and Mo K-edge (20000 eV)
spectra in quick scanning mode with <50 s time resolution.
During the measurements, the reaction mixture was heated
under N2 atmosphere from 25 °C up to 180 °C and then kept
at that temperature for the rest of the reaction time. Oxidation
of the NPs was induced by passing dry air over the reaction
mixture. Temporal changes of Fe and Mo K-edge XANES
spectra during the synthesis of Mo-doped hollow shell iron
oxide NPs are shown in Figure 2a,b, respectively. The
composition of iron and molybdenum species in the reaction
mixture was analyzed by linear combination fit of the data using
the XANES spectra of the selected materials as the standards,
and the results are plotted as functions of time in Figure 2d,e
(for details, see the linear combination fit section and Figures
S5−S7 in Supporting Information).
According to the fit results shown in Figure 2d, the thermal

decomposition of Fe(CO)5 and the formation of iron NPs take
place at ∼25 min of the reaction time when the temperature
reaches 145 °C. Prolonged heating of the reaction mixture at
180 °C leads to further decomposition of Fe(CO)5 and the
increase in the amount of metallic iron NPs in the reaction
mixture. Linear combination fit analysis assumes the presence
of the small amount of iron oxide phase even before the
oxidation. This can be attributed to the partial oxidation of Fe
atoms on the surface of iron NPs by the residual oxygen. When
about half of the Fe(CO)5 is converted into iron NPs, which
corresponds to 144 min of the reaction time, we induced the
oxidation by passing the air flow that led to immediate increase
of the amount of iron oxide. As oxygen accelerated the
decomposition of Fe(CO)5 by oxidizing its carbonyl group
(CO) into carbon dioxide (CO2),

32 the amount of Fe(CO)5
was decreased rapidly. Notably, the amount of γ-Fe2O3 is
further increased for the next 5 min of the oxidation period.
We found that the reduction of molybdenum species (Mo6+

→Mo4+) correlates with the decomposition of Fe(CO)5 as well
as their oxidation (Mo4+ →Mo6+) with the formation of hollow
iron oxide NPs (Figure 2e). In order to investigate the role of
molybdenum species in the reaction kinetics, we carried out a
control experiment without MoO2(acac)2 in the reaction
mixture (Figure 2c,f). Surprisingly, we found that the
decomposition reaction rate of Fe(CO)5 in the control
experiment was two times slower. For example, 45%
decomposition of the initial amount of Fe(CO)5 occurred
within 110 min with the molybdenum precursor versus 220
min without it. These data prove that the molybdenum
precursor indeed accelerates the decomposition of Fe(CO)5.
We assume that it takes place due to the redox reaction
between Mo6+ ions of the molybdenum precursor
[MoO2(acac)2] and Fe(CO)5 carbonyl groups that leads to
the formation of Mo4+ and CO2, facilitating the decomposition
of Fe(CO)5.

33,34 In addition, the presence of molybdenum
species was found to lead to the higher stability of iron NPs
against oxidation. In the control experiment with no
molybdenum precursor, 100% oxidation of Fe(0) species
(iron NPs and Fe(CO)5) was achieved within 35 min upon air
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exposure (Figure 2f). However, only 65% of Fe(0) species was
oxidized during the same time in the presence of the
molybdenum precursor (Figure 2d). This effect is similar to
the well-known anticorrosion property of molybdenum additive
in steel alloys.35 Also, it was recently reported that Mo-doped
metallic nanocatalysts have very good chemical stability under
harsh electrochemical reaction conditions.36

Doping Mechanism. In order to study the internalization
of the molybdenum atoms into the NPs we conducted in situ
XANES and EXAFS measurements on Mo K-edge. The
prepeak at 20007 eV in Mo K-edge XANES spectrum is from
1s → 4d electron transition and indicative to the coordination
geometry of Mo6+ (inset of Figure 2b and Figure 3a). The
prepeak observed before thermal decomposition of Fe(CO)5 (0
to 25 min of the reaction time) is assigned to the molybdenum
precursor, MoO2(acac)2.

37 The reduction of Mo6+ to Mo4+

during the thermal decomposition of Fe(CO)5 is accompanied

by disappearance of the prepeak in XANES spectra since 1s →
4d electron transition is not allowed for Mo4+. However,
exposure of the reaction mixture to dry air led to the
reemergence of the prepeak, indicating the incorporation of
Mo6+ into the tetrahedral site of γ-Fe2O3 NPs that is in
agreement with tetrahedral coordination geometry initially
revealed in ex situ molybdenum L3-edge XANES spectrum of
Mo-doped hollow iron oxide NPs (Figure 1e). Incorporation of
Mo6+ into the iron oxide lattice upon oxidation is also
supported by EXAFS data shown in Figure 3b.38,39 Substantial
decrease in the intensity of Mo−O correlation signal at 1.5 Å,
which is characteristic of Mo6+ internalized in poorly crystalline
oxide lattices, is observed as we switch the reaction from
thermal decomposition (e.g., 100 and 130 min reaction times)
to oxidation (e.g., 160 min reaction time).38,39 Note, the profile
of the temporal evolution of the prepeak intensities in Figure 3a
resembles the shape of the plot for Mo6+ species obtained from

Figure 3. Changes in oxidation and coordination states of molybdenum during the synthesis of Mo-doped iron oxide NPs. (a) Temporal change in
the prepeak intensity of Mo K-edge XANES spectra shown in Figure 2b. (b) k2-weighted Mo EXAFS data acquired at different reaction times. (c)
TEM image of iron NPs synthesized with MoO2(acac)2 as inorganic ligand and no organic surfactant. (d) EDS spectra of thoroughly washed NPs
that were sampled before (red) and after (blue) oxidation during the synthesis of Mo-doped hollow iron oxide NPs. For comparison, well-washed
pure iron NPs were oxidized in a solution containing the Mo precursor and then measured by EDS (black).
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linear combination fit analysis (Figure 2e). Such correlation
points out that the oxidation of Mo4+ to Mo6+ and
incorporation of the dopant atoms into iron oxide lattice are
temporally correlated. Actually, in order to fit into cation sites
of γ-Fe2O3 crystal lattice, oxidation of Mo4+ to Mo6+ is required
since effective ionic radius of Mo4+ (0.650 Å) is too large to fit
in either tetrahedral or octahedral sites of γ-Fe2O3,

40 while the
effective ionic radius of Mo6+ in tetrahedral site (0.41 Å) is
smaller than that of Fe3+ in tetrahedral site (0.49 Å).
Fit analysis of Mo and Fe EXAFS data suggests that Mo−Fe

bonding already exists even before oxidation (see the EXAFS
analysis section, Tables S2−S4 and Figure S8 in Supporting
Information). Thus, we conjectured that Mo species can be
adsorbed on the surface of iron NPs before the oxidation. In
order to confirm this, we injected Fe(CO)5 into a solution
containing only MoO2(acac)2 and no organic surfactant at 180
°C. This reaction yielded iron NPs (Figure 3c) indicating that
molybdenum species can indeed serve as inorganic ligand for
the iron NPs. Such Fe NPs have good colloidal stability only at
elevated temperature and cooling the reaction mixture to room
temperature results in the partial precipitation of Fe NPs
stabilized with molybdenum species. Nevertheless, they can
form a stable colloidal solution after adding a small amount of
oleylamine.
The binding ability of molybdenum species seems to be not

strong enough since repeated washing of the NPs with acetone
can completely remove molybdenum from the surface of iron
NPs. For example if we take an aliquot of Fe NPs synthesized
in the presence of MoO2(acac)2 and thoroughly wash them
with acetone, no Mo signal is detected by energy-dispersive X-
ray spectroscopy (EDS) (Figure 3d). However, in oxidized NPs
the atomic ratio of Fe and Mo was found to be ∼100:6.37. To
summarize, data shown in Figure 3 confirm two facts: (i)
molybdenum species are chemically adsorbed on the surface of
iron NPs and no molybdenum is present in metallic iron NPs;
and (ii) molybdenum ions are internalized into the lattice of the
NPs only upon oxidation.
The previously reported strategies of direct synthesis of

doped NPs are based either on trapping or diffusion doping
mechanism.5,16−23 In order to validate the applicability of these
well-known mechanisms we conducted a number of controlled
experiments.
First, since a significant amount of Fe(CO)5 remains in the

solution before oxidation (Figure 2d), we have to exclude that
the molybdenum doping can occur via trapping of
molybdenum cations adsorbed at the surface of the NPs by
the deposition of iron oxide shell from remaining Fe(CO)5. To
investigate the possibility of trapping mechanism, we prepared
iron NPs with no MoO2(acac)2 and washed them thoroughly
from the residual Fe(CO)5. After that iron NPs were
redispersed in the octadecene solution containing only
molybdenum precursor and oxidized them by bubbling dry
air at 180 °C for 40 min. The ratio of Fe to Mo in oxidized NPs
was ∼100:6 as measured by EDS (Figure 3d). Similar to Mo-
doped NPs prepared according to our standard method, these
doped iron oxide NPs prepared via surface modification
followed by oxidation also showed substantial increase of the
Li+ ion capacity in electrochemical tests (Figure 1g). These
results rule out the possibility of the trapping as the process
responsible for the internalization of molybdenum in hollow
iron oxide NPs. Based on numerous experiment we assume that
the unreacted Fe(CO)5 upon oxidation is used for nucleation

and growth of small (often less than 1.5 nm) iron oxide NPs
that are typically discarded in a standard washing procedure
Second, in order to evaluate the possibility of doping as a

result of Mo diffusion into vacant iron oxide lattice we
conducted two control experiments: The diffusion of Mo ions
from the solution into the NPs was tested by (i) prolonged
oxidation of already oxidized NPs prepared without
MoO2(acac)2 and redispersed in a solution containing
molybdenum precursors; and (ii) prolonged annealing (∼2
h) of already oxidized Mo-doped hollow iron oxide NPs at 180
°C in the presence of molybdenum species. In the first control
experiment the doping (if any) was below the detection limit of
our EDS system. In the second experiment we found that
prolonged annealing did not affect the Mo doping level of the
hollow iron oxide NPs. These results confirm that the ion
diffusion through oxide lattice of NPs has no significant
contribution into the doping process.
Based on the results from in situ XANES, EXAFS, and our

controlled experiments, we derived a new doping mechanism
that takes place during the synthesis of Mo-doped hollow shell
iron oxide NPs (Figure 4). The decomposition of Fe(CO)5

leads to the formation of iron NPs with Mo4+ ions adsorbed at
their surface. After the air is introduced, metallic iron NPs are
transformed to iron oxide hollow shell NPs by the Kirkendall
effect.27,28 In this effect, oxidation of metal ions (Fe0 → Fe2+/3+

and Mo4+ → Mo6+) induces the outward mass transport from
the core of the NPs. As the structure of the NP is changed from
metallic iron to hollow shell iron oxide, Mo6+ ions migrate into
the cation sites of the iron oxide lattice. It is notable that in this
process the mass transport of the host materials (Fe and O),
and not the diffusion of the dopant, is responsible for doping.
This differentiates the oxidation induced doping mechanism from
the other previously reported doping mechanisms. In the
trapping mechanism, both the lattice of the core and the dopant
atoms are stationary during the further growth of the shell on
them.22,23 Doping by ionic diffusion requires the dopant ions
move through the stationary host lattice of NPs.24,25 However,
in our mechanism the dopant that was once at the outside
surface the NPs is internalized by the outward flow of the host
material. This unique process contributes to fast (within few
minutes) and effective doping of NPs through deliberate
oxidation.
The oxidation induced doping allows controlling the doping

levels simply by varying the amount of dopant precursor.
Complete oxidation of preformed ∼11 nm iron NPs in the
presence of 0.05, 0.075, and 0.1 g of MoO2(acac)2 resulted in
the doping levels of 1.68 at %, 6.37 at %, and 8.4 at %,

Figure 4. Depiction of the oxidation induced doping mechanism. A
metallic NP with dopant ions adsorbed on the surface (left). Early
stage of the oxidation of metallic NP indicating the capturing of
dopant ions inside of the oxidized layer (middle); doped hollow shell
NP after full oxidation (right).
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respectively (for detail, see Figure S9 in Supporting
Information).
Cobalt-Based NP Systems. Different oxidized forms of

transition metals (e.g., oxides, dichalcogenides, and phospho-
sulfides) have been recently found to be very appealing to
design cost-effective electrocatalysts that can potentially replace
iridium- and platinum-based catalysts.41−43 Since the doping is
known to modulate the electrochemical performance of
electrocatalysts we investigated the applicability of our doping
mechanism to the other NP systems that can be of interest for
energy conversion and storage applications. We conducted
study on cobalt-based NP systems since the synthesis of cobalt
NPs is well established. We found that Mo precursor
[MoO2(acac)2] demonstrated the same effects in the synthesis
of ε-Co NPs.44 As in the case of iron NPs, we observed high
oxidation resistance of ε-Co NPs. According to XRD data,
cobalt NPs synthesized without the molybdenum precursor are
fully oxidized into CoO within 1 h upon exposure to the
ambient atmosphere. However, the NPs synthesized in the
presence of the Mo precursor in the reaction mixture are much
more stable against oxidation as evidenced by dominant ε-Co
phase in the XRD pattern of the NPs measured after 2 weeks of
the exposure to air under ambient conditions (Figure 5a). Co
K-edge XANES data show that the content of CoO phase in ε-
Co NPs is less than 20% (Figure S10 in Supporting
Information). Subsequent oxidation of as-prepared Mo-
modified ε-Co NPs (Figure 5b) by bubbling air or injecting
sulfur solution at 180 °C results in the formation of Co/CoO
and cobalt sulfide NPs (Figures 5c,d). EDS analysis indicates
that the concentration of Mo in Co/CoO and Co3S4 NPs are
0.54 at % and 1.35 at %, respectively. Similar to iron NPs,
cobalt NPs can be synthesized without organic surfactants but
only in the presence of Mo precursor (Figure 5e).
In conclusion, we conducted for the first time real-time in situ

XANES/EXAFS study of the formation kinetics of Mo-doped
and undoped iron oxide NPs. Our study revealed a new
oxidation induced doping mechanism by which the mass flow
of the host material triggered by oxidation can lead to fast and
efficient doping of the NPs, and the doping level is controlled
by varying the amount of the dopant precursor. The general
applicability of the doping mechanism discovered for iron oxide
NPs was validated for oxidized forms of cobalt (oxide and
sulfide). Importantly, our in situ measurement technique is
generally applicable for time-resolved mechanism study of
various doped NPs synthesis using the conventional reaction
setup that we use in the laboratory. Moreover, time-resolved
XANES/EXAFS study revealed that the reaction kinetics of the
nucleation, growth, and oxidation of the host NPs are
significantly affected by the dopant precursor. We also
demonstrate proof of principle that NPs can be synthesized
in organic solutions with only inorganic capping ligands. In
addition, we found that both metallic iron and cobalt NPs
synthesized in the presence of molybdenum precursor show
strong resistance toward oxidation. We believe that oxidation
induced doping mechanism can be applied to a number of the
other NP systems where the mass transport can be induced
chemically (e.g., oxidation) or electrochemically.
Experimental Details. Nanoparticle Synthesis. In a typical

synthesis, a reaction mixture containing 0.075 g of
MoO2(acac)2 and 0.1 g of oleylamine in 10 mL of 1-octadecene
(ODE) was prepared and heated up to 180 °C under N2 into
which 0.6 g of Fe(CO)5 was rapidly injected. After injection,
the mixture was left at the same temperature for 30 min for full

decomposition of Fe(CO)5. Then dry air is bubbled into the
mixture through a syringe needle for 1 min at the flow rate of
∼100 mL/min, while keeping the temperature at 180 °C. The
molar ratio of Fe/Mo/amine is 100:7.5:12 in the mixture, and
the synthesis was conducted by using the standard Schlenk
technique. The NPs obtained were repeatedly washed with
acetone and redispersed in toluene. Iron NPs before oxidation
were obtained by drawing an aliquot of the reaction mixture
before bubbling air and separating NPs from the aliquots with
excess acetone. Undoped iron oxide hollow NPs were
synthesized following the same procedure but with no
MoO2(acac)2 in the mixture.
For the synthesis of Mo-doped cobalt oxide NPs, a reaction

mixture of 0.09 g of oleic acid, 0.05 g of trioctylphosphine
oxide, and 0.05 g of MoO2(acac)2 in 12 mL of 1,2-
dichlorobenzene (DCB) and a cobalt stock solution of 0.27 g
Co2(CO)8 in 1.5 mL of DCB were prepared, separately. The
reaction mixture was heated up to 180 °C under N2, and then

Figure 5. Characterization of cobalt and cobalt-based NPs. (a) XRD
patterns of cobalt NPs synthesized without and with the Mo precursor
and stored under ambient conditions. In the bottom, XRD pattern of
Co/CoO NPs prepared by bubbling the reaction mixture with air. (b−
e) TEM images and electron diffraction patterns of ε-Co NPs
synthesized in the presence of the Mo precursor (b), Co/CoO NPs
(c), cobalt sulfide NPs (d), and ε-Co NPs synthesized without organic
surfactants (e).
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the stock solution was rapidly injected into it. The mixture was
kept at 180 °C for 45 min before bubbling dry air. Mo-doped
and undoped cobalt NPs were obtained by stopping the
reaction before bubbling air. Mo-doped cobalt sulfide NPs were
synthesized by adding a sulfur stock solution of 0.05 g of
elemental sulfur in 0.5 g of DCB instead of air bubbling, and
the rest of the procedure is the same as the synthesis of Mo-
doped cobalt oxide NPs.
In Situ Synchrotron X-ray Absorption Spectroscopy

Measurements. For the in situ measurements, the synthetic
method of Mo-doped iron oxide hollow NPs was modified in
order to slow down the overall reaction rate with respect to the
scan time of the XAS measurement setup. In this method, a
reaction mixture of 0.11 g of MoO2(acac)2, 0.17 g of
oleylamine, and 1.73 g of Fe(CO)5 in 28 mL of ODE was
prepared. The molar ratio of Fe/Mo/amine is 100:4:7, and the
absolute concentration of Fe is the same as the typical
synthesis. During the measurement, the mixture was heated
from room temperature up to 180 °C at the rate of 3 K/min
under N2 and kept at that temperature for a certain period of
time (2−4 h) for the formation of iron NPs. After then, the
NPs were oxidized at 180 °C by introducing dry air into the
reaction vessel through a syringe needle at the flow rate of 50
mL/min using a remote gas flow controller. The needle tip was
place well above the surface of the reaction mixture to prevent
bubbling. The synthesis was conducted using the same
equipment including the Schlenk line and the glassware as
those used in the synthesis lab except for the reaction vessel.
On the one side of the reaction flask, there was a slit of 2 cm ×
0.5 cm in size that is covered with polyimide film and sealed
with epoxy resin, and the X-ray beam was irradiated to the
reaction mixture through the slit during the reaction. The X-ray
absorption signal from the solution is measured in fluorescence
mode by a detector placed in 90-degree position with respect to
the incident beam.
In situ X-ray absorption spectroscopy measurements on Fe

K-edge (7112 eV) and Mo K-edge (20000 eV) for the samples
were measured at 10-ID-B beamline at the Advanced Photon
Source, Argonne National Laboratory. Rhodium-coated har-
monic rejection mirror was used to eliminate higher energy
photons. Experiments were performed in fluorescence mode
using ion chamber with Stern Heald geometry. For Fe edge, a
mixture of 80% He and 20% N2 gas was used in the initial ion
chamber I0 placed before the sample and full N2 gas in
transmission and reference ion chambers. Ar gas was used for
fluorescence ion chamber. For Mo edge, pure N2 was used in
the I0 ion chamber and a mixture of 50% N2 and 50% Ar gas in
the transmission and reference ion chambers. Kr gas was used
in the fluorescence ion chamber. The reaction vessel was put on
the sample stage so that the incident angle of the X-ray beam
with respect to the surface of the slit of the vessel is 45 deg.
Beamline was calibrated to 7112 eV with Fe metal foil and later
to 20000 eV with Mo metal foil before Fe and Mo edge
measurements, respectively. Iron standards and Mo standards
were measured in transmission geometry with Fe or Mo foil,
respectively, in front of the reference ion chamber. During the
in situ measurements, Fe or Mo foil was measured with a
photodiode for every scan taken to check for any energy shift
during the measurements. The spot size of the incident X-ray
beam on the sample was 800 μm × 800 μm. Measurements
were done in quick scanning mode, where undulator gap and
taper were fixed for each of the edges, while Bragg angle of
Si(111) double crystal monochromator was scanned with

constant speed. The XAS scans were taken from 6900 to 7900
eV for Fe edge and from 19800 to 20640 eV for Mo edge. In
both scans, the scan rate was 0.015 s per step with the step size
of 0.4 eV, and each scan took ∼40 s for Fe edge and ∼30 s for
Mo edge. The scans were taken continuously until the
completion of the experiments.
Data processing and analysis were performed using

ATHENA software.45 Linear combination fit of each spectrum
was calculated in the range between E0 − 20 eV and E0 + 80 eV,
and the weights sum of the fit was constrained to be 1. The
EXAFS oscillations χ(k) were extracted from the data as a
function of photoelectron wavenumber k following standard
procedures. The theoretical paths were generated using FEFF6,
and the modeling was done in the conventional way using
ARTEMIS with FEFF6 built into it.46,47 Fitting parameters
were obtained by modeling the EXAFS data of each sample in
R-space until a satisfactory fit describing the system was
obtained. Data sets were simultaneously fitted in R-space with
k-weights of 1, 2, and 3. Amplitude (So

2) for each of the
elements was obtained from fitting their respective metal foils.

Characterization. Ex situ synchrotron X-ray absorption
spectroscopy on Mo L3-edge (2520 eV) and Fe K-edge (7112
eV) for the samples were measured at the SXS beamline and
the XAFS-2 beamline, respectively, at the Laboratorio Nacional
de Luz Sincrotron (LNLS, Campinas, SP, Brazil). For Mo L3-
edge measurement, an InSb(111) double crystal monochro-
mator with a slit aperture of 1.0 mm was used to obtain a
resolution about 0.7 eV. The X-ray absorption spectra were
recorded by fluorescence mode. Experiments were performed
in a vacuum of 10−7 mbar at room temperature. The energy
scale was calibrated to Mo L3-edge of Mo metallic foil. Fe K-
edge spectra were recorded at room temperature using a
Si(111) double crystal monochromator in transmission mode
with three ion chambers as detectors. The absorption of the
sample was determined between the first two chambers, and
the third one was used to measure the signal from Fe metal foil
placed between the last two chambers as reference. The data
were processed and analyzed by standard methods using
ATHENA software.45

For electrochemical tests, the NPs electrodes were fabricated
following the previously reported method from our group.48

The NPs electrodes were assembled into 2032 coin type cells
using a Li metal foil as the counter electrode for lithium half-
cell tests. Microporous polyolefin separators (Celgard 2325)
and 1.2 M LiPF6 in ethylene carbonate/ethyl methyl carbonate
(3:7 weight ratio) electrolyte (Tomiyama) were used in the
cells. Half-cell cycles were operated at 300 mA/g between 4.5
and 1.5 V vs Li/Li+ using an automated Maccor battery tester at
ambient temperature. All cell assembly operations were
performed in a He-filled dry glovebox (oxygen level < 2 ppm).
Synchrotron X-ray diffraction (XRD) measurements were

performed at GSECARS Sector 13-ID-D at the Advanced
Photon Source, Argonne National Laboratory. The photon
energy was 40 keV (0.3100 Å) for the iron samples (Figure 1d)
and 37 keV (0.3344 Å) for cobalt samples (Figure 5a).
Transmission electron microscopy (TEM), energy-filtered
TEM, and energy dispersive X-ray spectroscopy (EDS) data
were obtained by using a Jeol JEM-2100F equipped with a
Gatan GIF Quantum Energy Filters and an Oxford X-MaxN 80
TLE detector and operated at 200 kV.
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