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ABSTRACT: Os-based catalysts present remarkable catalytic
activity; however, their use has been limited by the undesirable
side reactions that generate highly toxic and volatile OsO4 even at
room temperature. Herein, we demonstrate that the thermal
stability of Os-based catalysts can be dramatically improved by
downsizing Os nanoparticles (NPs) into atomically dispersed
species. We observed that Os NPs were converted into OsO4 after
calcination at 250 °C followed by sublimation, whereas single Os
sites retained their structure after calcination. Temperature-
programmed oxidation analysis confirmed that Os NPs started to
undergo oxidation at 130 °C, whereas atomically dispersed Os
preserved its state up to 300 °C. The CO oxidation activity of the
atomically dispersed Os catalyst at 400 °C (100% conversion) was stably preserved over 30 h. By contrast, the activity of Os NP
catalyst declined drastically. This study highlights the unique catalytic behavior of atomically dispersed catalysts, which is distinct
from that of NP-based catalysts.
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■ INTRODUCTION
Os-based catalysts are an important family of catalytic
materials with broad utility in numerous catalytic processes,
including asymmetric dihydroxylation,1,2 hydrogenation,3,4 and
dehydrogenation reactions.5 Despite the appealing catalytic
performance of Os, its high toxicity has limited its catalytic
applications.6 Os can react with O2 even at ambient
temperatures, generating volatile osmium tetroxide (OsO4).
The occupational safety and health administration permissible
exposure limit of OsO4 is 0.002 mg m−3, which is significantly
lower than that of Hg vapor (0.1 mg m−3).7 Furthermore, the
high volatility of OsO4 hinders the reuse of Os catalysts,
impeding their commercial development. To mitigate the
toxicity and volatility shortcomings, Os-based complexes have
been immobilized onto organic or inorganic supports, such as
polymers, silica (SiO2), fullerenes, and metal oxides.8−19

Immobilization improved catalyst stability and recyclability;
however, Os leaching has still occurred because of the weak
interactions between the Os species and the supports.17,19

Recently, with the emergence of atomically dispersed
catalysts, new, interesting findings have been uncovered in
the field of catalysis.20−27 Atomically dispersed catalysts have
demonstrated unprecedented intrinsic activities or unique
selectivities in diverse reactions,28−34 which have not been
displayed by conventional nanoparticle (NP)-based catalysts.

In this study, we discover that highly volatile Os can be
transformed into a thermally stable catalyst by downsizing Os
into atomically dispersed species. The atomically dispersed Os
catalyst exhibited remarkable stability against oxidation into
OsO4. Single atomic Os species anchored on heteroatom-
doped carbon supports were stably preserved after calcination
at 250 °C. In contrast, Os NPs were converted into OsO4
during calcination, which underwent subsequent sublimation.
Temperature-programmed oxidation (TPO) analysis revealed
that Os NPs started to undergo oxidation at ∼130 °C, whereas
atomically dispersed Os catalysts were stable against oxidation
up to 300 °C. By virtue of its excellent thermal stability, the
atomically dispersed Os catalyst exhibited stable 100% CO
conversion over 30 h during the CO oxidation reaction. In
contrast, the CO conversion of the Os NP catalyst decreased
significantly from 100% to only ∼15% after 30 h due to Os NP
conversion into OsO4 followed by sublimation. These findings
suggest a possibility of thermally stable Os catalysts that have
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been hard to realize and demonstrate the remarkable potential
of atomically dispersed catalysts.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Os-Based Catalysts

This study was motivated by an accidental observation. In a
previous study, we prepared an Os NP-based catalyst and an
atomically dispersed Os catalyst.35 After several months, we
observed that the lid of a vial containing the Os NP catalyst
was stained dark because OsO4 was generated at room
temperature. In contrast, the lid of the vial containing the
atomically dispersed Os catalyst was not stained (Figure S1).
From this observation, we hypothesized that unlike Os NPs,
atomically dispersed Os can serve as a thermally stable catalyst.

The Os NP-based and atomically dispersed Os catalysts
were synthesized according to the methods described in a
previous study with some modifications.35 The Os NP catalyst
was prepared via the wet impregnation of dihydrogen
hexachloroosmate(IV) hydrate (H2OsCl6·xH2O) on an acid-
treated carbon nanotube (CNT) support, followed by H2
thermal activation. The product is denoted as Os NP/CNT.
To prepare the atomically dispersed Os catalyst, 1-butyl-3-
methylimidazolium bis-(trifluoromethylsulfonyl)imide ionic
liquid (IL) was coated onto CNTs to provide sufficient
heteroatom anchoring sites for the Os precursor. H2OsCl6·
xH2O was impregnated onto the obtained CNT_IL support
via wet impregnation, and the resulting sample was coated with
a SiO2 protective layer to prevent Os agglomeration during
thermal activation at 500 °C under a N2 atmosphere.36 After
thermal activation, the SiO2 protective layer was selectively
removed via HF etching. The obtained catalyst is denoted as
Os1/CNT_IL (see details in the Materials and Methods
section).

The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of the Os NP/
CNT and Os1/CNT_IL catalysts (Figure 1a,b, respectively)
revealed the presence of heterogeneously distributed Os NPs
with an average size of ∼1.1 nm in the Os NP/CNT (Figure
S2a) and atomically dispersed Os species on the support in the
Os1/CNT_IL (Figure S2b). The extended X-ray absorption
fine structure (EXAFS) analyses (Figures S3 and S4 and Table
S1) corroborated the HAADF-STEM results. The Os L3-edge
k3-weighted EXAFS spectrum of the Os NP/CNT exhibited
two scattering peaks: an Os−Os scattering peak at 2.5 Å, which
is ascribed to the metallic Os NPs, and an Os−C(O) scattering
peak at 1.8 Å, which is attributed to the bonds between Os and
the support (Figure S3). The EXAFS spectrum of Os1/
CNT_IL showed only an Os−N(C,O) scattering peak at 1.8
Å, demonstrating the absence of the Os NP from Os1/
CNT_IL (Figure S4). The deconvoluted N 1s X-ray
photoelectron spectroscopy (XPS) spectra of CNT_IL and
Os1/CNT_IL showed the generation of the Os−N bond after
embedding Os atoms on CNT_IL (Figure S5), which indicates
that the single Os atoms are mostly bound onto N in Os1/
CNT_IL. X-ray absorption near edge structure (XANES)
analyses also provided information on the catalyst structures
(Figure S6). The Os L3-edge XANES spectrum of the Os NP/
CNT displayed a whiteline peak and a peak in the post-edge
region (peaks A and B, respectively), which are attributed to
metallic Os.37,38 In contrast, peak B was absent in the Os L3-
edge XANES spectrum of Os1/CNT_IL. The intensity of the
whiteline peak in the XANES spectrum of Os1/CNT_IL was

higher than that of Os NP/CNT. Moreover, the blue-shifted
edge of Os1/CNT_IL was compared with that of Os NP/
CNT, indicating the ionic character of the atomically dispersed
catalyst.20

Difference in Thermal Stability between Os NPs and
Atomically Dispersed Os
We investigated the thermal stability of both Os catalysts
against the reaction with O2 to form OsO4. To accelerate the
reaction, a stability test was performed at 250 °C for 10 h
under static air conditions. Catalyst stability was readily
evaluated using their HAADF-STEM images. After calcination,
the Os NPs in Os NP/CNT disappeared because they were
converted into OsO4, which subsequently sublimated (Figures
1a,c and S7), whereas the atomically dispersed Os sites of Os1/
CNT_IL retained their isolated structure (Figures 1b,d and
S8). We also analyzed the volatility of the Os catalysts by
measuring their Os contents before and after calcination using
inductively coupled plasma-optical emission spectroscopy
(ICP-OES). The Os contents of the as-prepared Os NP/
CNT and Os1/CNT_IL catalysts were 2.66 and 1.54 wt %,
respectively (Table S2). After calcination, a negligible residual
amount of Os (0.01 wt %) was present in Os NP/CNT,
whereas the Os content of Os1/CNT_IL was maintained (1.58
wt %; Table S2). These results demonstrated the remarkable

Figure 1. Schematic illustrations and HAADF-STEM images of the
(a) as-prepared and (c) calcined Os NP/CNT at 250 °C and (b) as-
prepared and (d) calcined Os1/CNT_IL at 250 °C.
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thermal stability of the atomically dispersed Os catalyst under
air atmosphere compared with that of the unstable Os NP
catalyst.

Next, we investigated the oxidation behaviors of the Os NP
and atomically dispersed Os catalysts using TPO analyses.
Prior to the TPO experiments, the samples were pretreated
under a He flow at 400 °C to remove any physisorbed
impurities. TPO was performed under a 50% O2/He balance
atmosphere at a ramping rate of 10 °C min−1. The oxidation
peak in the TPO profile of the Os NP/CNT (Figure 2a)
emerged at ∼130 °C. No oxidation peak was observed in the
TPO profile of the CNT support; therefore, the oxidation peak
in the TPO profile of Os NP/CNT is ascribed to the oxidation
of Os NPs. The HAADF-STEM image of the Os NP/CNT
sample that underwent TPO revealed that Os NPs were no
longer present in the sample (Figure S9a). This was caused by
the oxidation of Os NPs into volatile OsO4 during TPO.
Conversely, the TPO profile of Os1/CNT_IL was similar to
that of the CNT_IL support, indicating that Os oxidation did
not occur at the atomically dispersed Os sites embedded in the
support. The HAADF-STEM image of the post-TPO Os1/
CNT_IL sample confirmed the presence of stable singly
dispersed Os species in this sample (Figure S9b). To
consolidate the origin of the oxidation peak from the TPO
profile of Os NP/CNT, we tried to detect the sublimated
OsO4 from mass spectrometry by collecting the exhaust gas at
the outlet of the reactor with a gas chromatography−mass
spectrometry (GC−MS) system. Here, we used Os NP/CNT
containing 50 wt % Os to increase the concentration of OsO4
in the exhaust gas exceeding the detection limit. The exhaust
gas was collected in a Tedlar gas sampling bag connected to
the outlet of the quartz reactor at 300 °C, which is a higher
temperature than the TPO oxidation peak position. The
resulting mass spectrum clearly showed the presence of Os and
Os oxide species in the exhaust gas (Figure S10), confirming
the oxidation of Os.

To further confirm the superior stability of atomically
dispersed Os species compared with that of Os NPs, we
additionally prepared catalysts containing both Os NPs and
single Os sites together. The ratio of Os NPs to single Os sites
was controlled by changing the thermal activation temperature.
The catalysts are denoted as Os/CNT_IL_T, where T is the
thermal activation temperature. The HAADF-STEM images of
the Os/CNT_IL_T catalysts revealed that the formation of Os
NPs on CNT_IL started at 700 °C, and Os agglomeration

intensified as the thermal activation temperature was increased
up to 900 °C (Figure 3a−d). When the activation-temper-
ature-controlled catalysts were subjected to calcination at 250
°C for 10 h, only atomically dispersed Os sites were observed
in the corresponding HAADF-STEM images (Figure 3e−h),
indicating the selective oxidation of Os NPs leaving behind
atomically dispersed Os species.

The ICP-OES analysis corroborated the HAADF-STEM
results (Table S2). The Os content of Os/CNT_IL_600,
which comprised only atomically dispersed Os sites, changed
only marginally after calcination (1.59 → 1.57 wt %). The Os
content of Os/CNT_IL_700 decreased slightly after calcina-
tion (1.68 → 1.59 wt %), whereas those of Os/CNT_IL_800
and Os/CNT_IL_900 decreased considerably after calcination
(1.88 → 0.90 wt % and 2.35 → 0.65 wt %, respectively). The
TPO analysis results of the activation-temperature-controlled
catalysts further confirmed the selective oxidation of Os NPs
(Figure S11). The TPO profile of Os/CNT_IL_600, which
comprised only single Os sites, was similar to that of the
CNT_IL support (Figure 2b). A small oxidation peak at ∼230
°C was observed in the TPO profile of Os/CNT_IL_700, and
a more distinct oxidation peak appeared in the TPO profile of
Os/CNT_IL_900. The HAADF-STEM and TPO results
demonstrated the unique thermal stability of atomically
dispersed Os species, which was significantly higher than that
of volatile Os NPs. We note that the peak temperature of Os/
CNT_IL_900 is higher than that of Os NP/CNT by ∼40 °C,
indicating that the Os NPs on bare CNTs are more vulnerable
to the oxidation compared to those on CNT_IL. These results
imply that the presence of nitrogen is effective to stabilize Os
from oxidation, and the superior thermal stability of atomically
dispersed Os catalysts may originate from the presence of Os−
N bonds.
CO Oxidation Reaction

To evaluate the effect of the thermal stability of Os catalysts
against oxidation to generate OsO4, we selected CO oxidation
under excess O2 conditions as the model reaction (see the
Materials and Methods section for the detailed reaction
conditions). The light-off CO oxidation curves of Os NP/
CNT, Os1/CNT_IL, CNT, and CNT_IL in the temperature
range of 50−450 °C are presented in Figure 4a. The supports
(CNT and CNT_IL) exhibited no activity, regardless of
heteroatom doping. The T50 (temperature at which 50% CO
conversion was reached) value of Os NP/CNT (270 °C) was
lower than that of Os1/CNT_IL (330 °C), indicating the

Figure 2. TPO profiles of (a) CNT and Os NP/CNT and (b) CNT_IL and Os1/CNT_IL.
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better activity of Os NP/CNT. The corresponding activation
energies of Os NP/CNT and Os1/CNT_IL, which were
calculated at conversions lower than 20% (kinetic regime),
were 43.73 and 107.88 kJ/mol, respectively (Figure S12).

Although the initial CO oxidation activity of Os NP/CNT
was higher than that of Os1/CNT_IL, the former underwent a
significant activity loss (86%) after 30 h of stability testing at
400 °C (Figure 4b). In stark contrast, the Os1/CNT_IL
preserved its initial CO oxidation activity (100%) over time.
The HAADF-STEM image of Os NP/CNT after the stability
test illustrated that most of Os NPs disappeared from the

catalyst (Figure S13). The ICP results of Os NP/CNT showed
that the content of Os became 0.02 wt % after a 30 h stability
test (Table S3), supporting the HAADF-STEM result. This
indicated that the deactivation of Os NP/CNT was caused by
the formation of OsO4 from Os NPs. In contrast, the single Os
sites of Os1/CNT_IL were preserved after 30 h of reaction.
These results suggested the utility of atomically dispersed Os
as a thermally stable, sustainable catalyst.

■ CONCLUSIONS
In summary, we demonstrated the remarkable thermal stability
of atomically dispersed Os catalysts against an undesirable side
reaction with O2, which generates toxic and volatile OsO4. The
HAADF-STEM, ICP-OES, and TPO results revealed that Os
NPs were oxidized into OsO4, which subsequently sublimated
at 130 °C. In contrast, atomically dispersed Os species were
resistant to oxidation up to 300 °C. Owing to its remarkable
thermal stability, the CO conversion of the atomically
dispersed Os catalyst was stable (100%) over 30 h during
the CO oxidation reaction; in contrast, the activity of the Os
NP catalyst decreased considerably. We expect that our results
would provide a new momentum to rejuvenate the potential of
Os-based catalysts, which has been thus far hidden in the veil
of their volatility and toxicity.

■ MATERIALS AND METHODS

Chemicals
Multiwalled CNTs (MR 99) were purchased from Carbon Nano-
Material Technology Co., Ltd. HNO3 (60%), HCl (36%), KOH
(95%), methanol (99.9%), acetone (99.7%), ethanol (94.5%), and
anhydrous ethanol (99.9%) were acquired from Samchun Chemicals.
Dihydrogen hexachloroosmate(IV) hydrate (H2OsCl6·xH2O; Pre-
mion, 99.95%) and KNO3 (99%) were obtained from Alfa Aesar.
Tetraethyl orthosilicate (TEOS, 98%) and 1-butyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl)imide (BMITFSI; 98%) ionic liquid
(IL) were purchased from Aldrich. HF (50%) was supplied by J. T.
Baker. Deionized (DI) water was produced using a Millipore Milli-Q
system (18.2 MΩ). N2 (99.999%), H2 (99.999%), CO (5.00%
balanced with Ar), O2 (5.00% balanced with Ar), and Ar (99.999%)
gases were procured from KOSEM. All the chemicals except for the
CNTs were used as received without further purification.
Synthesis of Os NP/CNT
First, the metallic impurities in the CNTs were removed via successive
heat and acid treatments. Next, 38 g of CNTs were heat-treated at
500 °C under air atmosphere for 1 h (ramping rate of 7.9 °C min−1).
The calcined CNTs were dispersed in 810 g of 6 M HNO3 and stirred
for 12 h at 80 °C. The dispersion was vacuum-filtered and washed
with copious amounts of DI water until the filtrate became neutral.
The resulting CNTs were treated with 720 g of 6 M HCl using the
same procedure as for the HNO3 treatment, followed by drying at 60
°C overnight to obtain acid-treated CNTs (AT-CNTs). H2OsCl6·
xH2O was loaded onto the AT-CNTs via wet impregnation as
follows: 8 mg of H2OsCl6·xH2O was dissolved in 20 g of methanol
using a microwave (MARS 6, CEM corporation) at 600 W and 150
°C. The Os-precursor-dissolved methanol solution was mixed with 97
mg of AT-CNTs and dried at 40 °C under stirring. The Os-precursor-
impregnated sample was reduced at 200 °C for 2 h (ramping rate of
0.58 °C min−1) under a H2 flow, followed by the desorption of H2
from the Os surface via heating at 350 °C for 3 h (ramping rate of 2.5
°C min−1) under a N2 flow. The resulting sample is denoted as Os
NP/CNT.
Synthesis of Os1/CNT_IL and Os/CNT_IL_T
To generate abundant anchoring sites for the Os precursor on the
support, AT-CNTs were coated with an IL. AT-CNTs (0.1 g) were
mixed with BMITFSI (1.44 g) in a mortar for 15 min. The sticky

Figure 3. HAADF-STEM images of the (a) as-prepared and (e)
calcined Os/CNT_IL_600, (b) as-prepared and (f) calcined Os/
CNT_IL_700, (c) as-prepared and (g) calcined Os/CNT_IL_800,
and (d) as-prepared and (h) calcined Os/CNT_IL_900. Calcination
was performed at 250 °C.
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mixture was pyrolyzed at 450 °C for 1 h (ramping rate of 5.3 °C
min−1) under a N2 flow. The hardened product was ground in a
mortar and washed with copious amounts of acetone via vacuum
filtration to remove the IL physisorbed on the AT-CNTs. The
resulting sample was dried at 60 °C overnight, and the product is
denoted as CNT_IL. The Os precursor was impregnated onto the
CNT_IL via microwave mixing using a methanol (20 g) solution of
H2OsCl6·xH2O (8 mg) and 97 mg of CNT_IL, and the mixture was
dried at 40 °C under stirring. Next, the Os-impregnated CNT_IL was
coated with a SiO2 layer by mixing the former with 2.5 mL of TEOS
in a mortar for 5 min. The mixture was dried overnight at room
temperature (RT). The resulting sample was thermally activated at
temperatures in the range of 500−900 °C for 3 h (ramping rate of 2.2
°C min−1) under a N2 flow. Thereafter, the SiO2 layers were
selectively etched via HF treatment. The catalyst activated at 500 °C
is denoted as Os1/CNT_IL, and the other catalysts are denoted as
Os/CNT_IL_T, where T is the thermal activation temperature.
Characterization Methods
HAADF-STEM images were obtained using a JEOL-2100F micro-
scope equipped with a double-sided spherical aberration corrector
operated at an accelerating voltage of 200 kV. XPS spectra were taken
using an instrument equipped with a monochromatic Al Kα radiation
source (Thermo Fisher Scientific, ESCALAB 250XI). The N 1s XPS
spectra were deconvoluted using the XPSPeak41 software with the
mixed (Gaussian 70, Lorentzian 30) function after Shirley-type
background correction. The Os contents of the catalysts were
quantified using an ICP-OES analyzer (700-ES, Varian). For the
pretreatment step of the ICP-OES experiments, 20 mg of the Os-
containing sample was mixed with 1 g of KOH and 0.2 g of KNO3.
The mixed powder was transferred to an alumina crucible and
annealed in a mini tube furnace by increasing the temperature from
RT to 450 °C over 1 h (ramping rate of 2.2 °C min−1) followed by
maintaining the temperature at 450 °C for 1 h under a N2 flow. After
annealing, the sample was collected in a conical tube that contained
20 mL of H2O. The GC−MS system (450-GC and 320-MS; Bruker)
was equipped with a SCION-5MS (SCION Instruments) column (30
m × 0.25 mm × 0.25 μm). The sample gas (0.5 mL) was injected
with the split-less mode using He as the carrier gas. The column was
initially kept at 40 °C for 5 min and then ramped to 280 °C with a
rate of 20 °C min−1.
X-ray Absorption Spectroscopy (XAS)
XAS measurements were performed at the 6D, 8C, and 10C
beamlines of the Pohang Accelerator Laboratory. The storage ring
was operated at an energy of 3 GeV and a beam current of 400 mA. A
Si(111) double-crystal monochromator was used to filter the incident
photon energy, which was detuned by 30% for the Os L3-edges to
remove any high-order harmonics. The samples used for XAS
measurements were pelletized in a sample holder. The Athena and
Artemis software were used for background removal and normal-
ization of the absorption coefficient and fitting of the Fourier

transformed k3-weighted EXAFS spectra, respectively.39 The
amplitude reduction factor (S0

2) was set at 0.83.40

Temperature-Programmed Oxidation (TPO)
TPO profiles were obtained using a BELCAT II instrument
(MicrotracBEL) equipped with a thermal conductivity detector
(TCD). Prior to collecting the TPO profiles, 60 mg of each sample
was degassed at 400 °C for 1 h (ramping rate of 10 °C min−1) under a
He flow to eliminate preadsorbed molecules. After cooling the
samples, the TPO experiments were performed under a 50% O2/He
gas flow by heating each sample to 400 °C at a ramping rate of 10 °C
min−1.
CO Oxidation
CO oxidation was performed in a quartz fixed-bed reactor using 50
mg of the Os catalyst. The temperature was monitored using a
thermocouple located inside the reactor. Prior to the measurements,
each catalyst was pretreated at 100 °C under an Ar flow for 1 h. The
CO oxidation reactions were performed using a feed stream of 2% CO
and 4% O2 balanced with Ar. The total flow rate and heating rate were
50 mL min−1 and 5 °C min−1, respectively. The reaction mixture was
maintained at each temperature for 10 min under a continuous feed
flow to allow it to reach a steady state before each measurement. The
obtained product was analyzed using a gas chromatograph (YL-6500)
equipped with a Carboxen 1000 column (Supelco) and a TCD. The
reaction rates (k) were calculated using the amount of CO2 molecules
produced per Os active site per second. The number of Os active sites
was determined using the Os contents of the catalysts and ICP-OES
experiments. The activation energy of each catalyst was determined
from the corresponding Arrhenius plots, for which only the activity
data with a CO conversion of less than 20% were considered (kinetic
regime).
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