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Carbon deposition on MgO-supported Pt nanoparticles from ethylene decomposition was studied by
in situ transmission electron microscopy (TEM) at the atomic level. An imaging strategy was established
for controlling beam-gas-sample interactions that minimizes beam-induced changes of the reaction.
Using this strategy, it was possible to observe how carbon encapsulation occurs on Pt nanoparticles
and the role of the Pt surface morphology. The evidence suggests that multiple partial layers grew simul-
taneously prior to full encapsulation of the nanoparticle. The growth of carbon on Pt nanoparticles was
found to induce significant changes in the nanoparticle shape, resulting in particles becoming rounder
as coking progressed. Closer examination of the surface structure revealed that in some cases carbon
growth induced step formation.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Supported platinum nanoparticles are used extensively to pro-
mote the transformation of alkanes to a variety of products via
reactions such as dehydrogenation [1–5], dehydroaromatization
[6,7], and isomerization [8,9]. These processes are often accompa-
nied by formation of carbonaceous deposits that lead to blockage
of the active sites and ultimately to catalyst deactivation [2,10–
12]. Extensive research has been undertaken to minimize the
deposition of carbon, in an effort to improve the stability of sup-
ported Pt nanoparticles. For example, the addition of elements,
such as Sn or In, to form a bimetallic catalyst has been found to
inhibit coke formation [1–3,13,14]. The use of a support free of
acidic sites is also important to prevent coking, since acid sites pro-
mote the formation of coke via the polymerization of alkenes and
aromatic species produced by the metal [15,16].

Because coke formation on Pt is an important problem, consid-
erable effort has been devoted to characterizing coke formed under
different conditions and developing an understanding of the fac-
tors that affect coke formation on Pt and Pt bimetallic nanoparti-
cles [17–20]. Transmission electron microscopy (TEM) has proven
to be a particularly informative technique for this purpose because
it enables visualization of the relationship of the coke with respect
to the Pt nanoparticles with atomic resolution and can provide
insights into the processes involved in the nucleation and growth
of carbon. Most TEM observations of coking have been conducted
ex situ, i.e., after coke deposition onto the catalyst [20–23]. The
development of techniques for obtaining TEM images of catalysts
in the presence of a low pressure of hydrocarbon gas (1–10 mbar)
and at elevated temperatures [24–27] has opened the way for
making in situ observations of carbon growth as a function of time
[20,28–34]. Because nanoscale carbon has been recognized as a
class of materials with interesting physical and chemical proper-
ties [35], the majority of carbon deposition studies utilizing
in situ TEM have focused on metal substrates, such as Ni, Fe, and
Co, that favor the formation of graphene and structural derivatives
[28–34].

Previous in situ TEM observations of carbon nanofiber growth
catalyzed by Ni nanoparticles reveal that step sites act as preferen-
tial growth centers for graphene on Ni [28]. Density functional the-
ory (DFT) calculations show that the step-mediated growth occurs
due to the stronger binding energy of carbon atoms to the steps
than to the facets [28,36,37]. The TEM and DFT findings also reveal
that a surface diffusion mechanism represents a sufficient account
for carbon transport from the adsorption site at the free Ni surface
to sites governing the growth of carbon layers [28,38,39], as
opposed to earlier proposals that attribute the atom transport to
a bulk solubility and diffusion of carbon [31,40]. In contrast to
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studies of carbon growth on 3d transition metals, only a few in situ
studies have been reported for Pt [20,41,42]. Platinum nanoparti-
cles can catalyze the formation of carbon nanofibers [20,41].
Because of the low solubility of carbon in Pt [43], it has been spec-
ulated that carbon deposition on Pt similarly proceeds through a
surface diffusion mechanism [41,42] and this mechanismmay thus
explain the growth of individual carbon layers in nanofiber
structures as for Ni [28]. Moreover carbonaceous layers can also
encapsulate Pt nanoparticles [20]. Encapsulation of 3d metal
nanoparticles by multiple carbon layers has been proposed to
occur via precipitation of carbon dissolved in the bulk of the
nanoparticle at lower temperatures [44]. However, in view of the
low solubility of carbon in Pt, it remains an open question pertain-
ing to how multiple carbon layers form on top of each other and
what the role of the Pt surface is during carbon encapsulation. To
address this issue, the onset of carbon growth and the initial
encapsulation of Pt nanoparticles by multiple layers of carbona-
ceous matter are examined by means of in situ TEM.

In the present study, in situ TEM was employed to study Pt
nanoparticles in the presence of ethylene at elevated temperatures.
Ethylene decomposition over Pt nanoparticles is of particular
industrial importance because ethylene is the primary source for
coke formation on Pt catalysts during the ethane dehydrogenation
reaction as shown by isotopic studies [45]. Time-resolved TEM
images were acquired in order to directly observe how multiple
carbon shells grow upon particle encapsulation, and to address
the role of the nanoparticle surface. Despite the impressive capa-
bility of in situ TEM to monitor carbon formation on working cata-
lysts with atomic scale resolution, beam-induced processes remain
challenging. Both elastic scattering and inelastic scattering of elec-
trons are prominent in the presence of gas molecules, causing
changes in the catalyst particles and reaction environment that
can alter the carbon growth reaction [27,46]. Therefore, a careful
investigation of the carbon deposition reaction was carried out in
which the electron illumination was systematically optimized to
establish an approach allowing for conducting the experiments
with suppressed electron beam-induced changes while elucidating
the mechanism by which Pt nanoparticles coke at high spatial
resolution.
2. Experimental

2.1. Synthesis of Pt/MgO by colloidal method

Platinum nanoparticles were synthesized by reduction of a plat-
inum acetylacetonate (Pt(acac)2, 97%, Aldrich) dissolved in octyl
ether (OE, 99%, Aldrich) by 1,2-hexadecanediol (HDD, 90%, Aldrich)
in the presence of oleylamine (OAm, 70%, Aldrich) and oleic acid
(OA, 99%, Aldrich) [47]. All of the components were added to a
25 ml three-necked flask attached to a Schlenk line and the result-
ing solution was heated to 563 K at a rate of 2 K/min and main-
tained at this temperature for 30 min before cooling down to
room temperature. The product nanoparticles were then washed
by adding a large amount of anhydrous ethanol in order to aid
the separation of the Pt nanoparticles. The particle suspension
was then centrifuged at 3000 rpm for 1 min and the organics
involved in the particle synthesis were removed by decanting the
supernatant liquid. The solid material produced in this manner
was re-dispersed in anhydrous toluene to form a stable colloidal
suspension.

Magnesium oxide (MgO) nanocubes were used as a support in
the experiments and were made by re-crystallizing MgO nanopow-
ders (<50 nm, Aldrich) in air at 1333 K for 30 min. A suspension of
Pt particles in anhydrous toluene, containing 0.01 g Pt metals in
5 mL of anhydrous toluene, was mixed with a suspension of 0.2 g
of MgO in 10 mL of anhydrous toluene. The mixture was stirred
overnight under a N2 atmosphere before the resulting product
was precipitated out by adding an excess amount of anhydrous
ethanol followed by centrifugation. The solid material was calcined
in air at 573 K for 1 h to remove residual organic agents involved in
the synthetic procedure and then treated in an atmosphere of 10%
H2/Ar at 873 K for 1 h to fully reduce the Pt surface. The final cat-
alyst was stored in a glovebox (<0.1 ppm O2, <0.1 ppm H2O) until
further use. This colloidal sample is exhibited in Figs. 2–4, 6–8
and 11, and S2.

2.2. Synthesis of Pt/MgO by wet impregnation method

An additional sample of Pt/MgO was prepared by wet impreg-
nation in order to obtain a sample with larger particle size. Plat-
inum acetylacetonate (Pt(acac)2, 97%, Aldrich) was dissolved in
toluene and added to slurry of MgO in toluene to achieve a Pt con-
tent of 3.5 wt%. The mixture was then stirred at room temperature
for 2 h and then set in a rotary evaporator overnight to remove the
solvent. After drying, the catalyst was reduced at 723 K for 2 h (5 K/
min ramp) in a flow of 10% H2/Ar to form the final catalyst. The
final catalyst was stored in a glovebox (<0.1 ppm O2, <0.1 ppm
H2O) until further use. This impregnated sample is exhibited in
Figs. 10 and S1.

2.3. Ex situ TEM characterization and reactor testing

Samples were first examined by ex situ TEM to characterize par-
ticle size and loading. Images were taken using a FEI Tecnai 12
transmission electron microscope with an accelerating voltage of
120 kV at the Electron Microscope Laboratory of the University of
California, Berkeley. High-resolution TEM (HRTEM) characteriza-
tions of the samples were conducted on the TEAM 0.5 high-
resolution microscope operated at 80 kV at the National Center
for Electron Microscopy (NCEM).

A portion of the catalyst synthesized by colloidal method was
used for ex situ carbon deposition in a reactor system in order to
provide a reference point for optimizing electron beam illumina-
tion. In a typical procedure, 25 mg of catalyst was loaded into a
quartz tube reactor and heated to 873 K at 15 K/min in 20% H2/He
using a three-zone furnace at 1 atm. The catalyst was maintained
at this temperature for 1 h before being exposed to a feed of 40%
C2H6/He, at a flow rate of 40 cm3/min. The reaction was then
stopped by cooling the sample down to room temperature in the
gas flow, and the coked catalyst was stored in a vacuum desiccator.

2.4. In situ TEM

In situ TEM experiments were carried out using an image
aberration-corrected Titan 80-300 ETEM microscope equipped
with a differentially pumped gas cell [46]. The microscope was
operated in the TEM mode at an acceleration voltage of 300 kV,
with the spherical aberration coefficient in the range of �10 to
�20 lm and electron dose-rates of 100–2000 e�/(Å2 s) in the mag-
nification range that allowed for resolving the lattice spacing of Pt
(111) and Pt(200) lattice planes. Specimens were prepared by
crushing the dry catalyst powders, dispersing it in anhydrous etha-
nol, and casting droplets of the solution on either plasma-cleaned
stainless steel grids or Protochips E-chips. Stainless steel grids
were mounted in a Gatan 628 Inconel single-tilt heating holder.
The temperature was measured by a thermocouple attached to
the furnace of the holder [48]. The E-chips were loaded into the
Protochips MEMS-based heating holder. The E-chips were operated
at elevated temperatures using a constant-resistance mode [49].
Specifically, the relationship between the temperature and
electrical biasing was previously calibrated by the manufacturer
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(Protochips) for the range of 293–1473 K in a base pressure of
1.3 � 10�2 mbar. Therefore, in the presence of gas, the actual tem-
perature of the heating membrane will be lower, corresponding to
a higher resistance. For the present experiments, E-chips were first
heated to a nominal temperature in vacuum and the resistance was
recorded. Upon introduction of gas, the biasing was adjusted to
keep the resistance at the value recorded in vacuum and thus
maintaining the temperature.

In any experiments, an as-prepared specimen was first reduced
by heating in 1 mbar H2 to 773 K for 30 min, after which specific
particles were selected for time-resolved observations. The deposi-
tion of carbon was initiated by the removal of hydrogen, adjust-
ment of the temperature in vacuum to the growth condition,
introduction of 1 mbar ethylene and finally readjusting the resis-
tance matching the calibrated vacuum temperature. Once the spec-
imen drift had subsided, time-lapsed TEM image series were
acquired of nanoparticles during the exposure to ethylene. The sin-
gle TEM images were acquired by illuminating a charge-coupled
device camera for 0.1–1 s to the electron beam. In order to mini-
mize beam-induced artifacts in the in situ observations, the speci-
men was illuminated at low electron dose-rates [46] and the
electron beam was blanked off in between successive images to
minimize the total accumulated electron dose delivered to the
specimen areas under observation. In order to estimate the total
accumulated electron dose, the amount of time spent illuminating
each nanoparticle for locating, focusing and imaging the specimen
area was recorded, which varied between 2 and 4 min per image.
The signal-to-noise ratio (S/N) was calculated as the mean pixel
count divided by its standard deviation in a region of the image
without sample. Following the experiment, the reaction gas was
Fig. 1. Schematic of the experiment conducted in

Fig. 2. (a) TEM image of as-synthesized Pt nanoparticles and their particle size distribut
after reduction at these conditions for 30 min. Inset of (b) shows one representative Pt
removed from the microscope and a post-mortem examination of
the specimen was conducted at a pressure below 1 � 10�5 mbar
and at either 773 K or a lower temperature. Fig. 1 illustrates the
imaging strategy including the three modes of data collection. In
Mode 1, particles are observed after reduction, during growth,
and after growth. In Mode 2, particles are only observed after
reduction and after growth, with no illumination to the beam dur-
ing ethylene exposure. Finally, in Mode 3, particles are observed
post-mortem in vacuum without any previous beam illumination.
3. Results and discussion

Fig. 2a shows a TEM image of the as-synthesized Pt nanoparti-
cles dispersed on a carbon-coated copper grid, together with a par-
ticle size distribution. Most of the Pt particles were faceted in
shape and had an average diameter of 5.9 ± 1.6 nm. The Pt
nanoparticles were deposited onto the MgO support and the mate-
rial was subsequently calcined in order to remove the capping
agents, reduced in H2 ex situ, and re-reduced in situ in the electron
microscope in 1 mbar H2 at 773 K for 30 min. Fig. 2b shows TEM
images acquired in situ under these conditions. The images
obtained at lower magnification show nanoparticles with an aver-
age diameter of 5.9 ± 1.2 nm, reflecting that the catalyst appeared
thermally stable in the microscope. The insert is a high-
resolution TEM image showing one representative particle with
atomic lattice fringes extending across its projected area to the sur-
faces with distinct and straight facet terminations. Such profile-
views of the surface terminations indicate that the organic ligands
involved in the synthesis of the catalyst had been successfully
situ in a transmission electron microscope.

ion, and (b) TEM image of MgO-supported Pt acquired in situ in 1 mbar H2 at 773 K
particle taken at high resolution with an electron dose-rate of 2000 e�/(Å2 s).



Fig. 3. In situ TEM images of Pt/MgO after 15 min exposure in 1 mbar C2H4 at (a) 623, (b) 673, (c) 723, (d) 773 K taken at 2000 e�/(Å2 s), with the beam shut off during the
growth process (Mode 3).
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removed. The second sample (Fig. S1a) was synthesized by wet
impregnation with the aim of attaining a larger average particle
size in order to facilitate locating particles exhibiting carbon
growth by encapsulation. It has been previously observed that car-
bon encapsulation on Pt occurs more prevalently on larger parti-
cles [20]. Fig. S1b shows an image of a representative particle
after in situ reduction. It is evident that the Pt particle was also ter-
minated by well-defined and clean facets. Throughout this study,
both samples (Figs. 2 and S1) were used to track Pt particles that
exhibited carbon encapsulation and similar dynamic behavior of
the two samples was observed.

First, in order to address carbon deposition inherently related to
Pt/MgO, a blind experiment was conducted. In this experiment, the
catalyst was first reduced in H2 at 773 K and then exposed to
1 mbar C2H4 for 15 min without beam illumination at a specified
temperature, followed by evacuation of the gas and lowering of
the temperature to 523 K for imaging. Fig. 3 shows that surface ter-
minations observed in profile had additional layers of brighter con-
trast, corresponding to carbonaceous matter, and that the extent of
this coke formation depended on temperature in the microscope.
Below 623 K, no observable carbon was present on the Pt particles
(Fig. 3a). However, coke formation was observed as the tempera-
ture was raised, as evidenced by a growing number of encapsulat-
ing carbon layers around the Pt particle. To conduct the carbon
growth in a reasonable time window, a reaction temperature of
773 K was selected for the majority of the experiments reported
here. It is worth noting that the measured spacing of the carbon
layers was around 3.5 Å (Fig. 3d), which is larger than that of
well-crystallized graphitic carbon (3.35 Å, JCPDS # 13-0148),
suggesting that the carbonaceous deposits formed may not be fully
devoid of hydrogen.
Next, to address the onset of the electron beam effect on growth,
experiments were conducted under varying electron illumination
conditions. In each experiment, at time zero, the reducing hydrogen
gas had been replaced by 1 mbar of C2H4 and the temperature set to
773 K. In the following reaction time, a Pt nanoparticle was moni-
tored by intermittent electron illumination at different electron
dose-rates (mode 1). Fig. 4 reveals a marked effect of the electron
illumination on the rate of carbon growth. The highest dose-rate
used (2000 e�/(Å2 s)) provided images with the highest signal-to-
noise ratio (S/N = 31.1) but at the cost of beam-inducing effects.
After 16 min of reaction time at 2000 e�/(Å2 s), the observed
nanoparticle accumulated 4 layers of encapsulating carbon. How-
ever, at lower dose-rates (500 e�/(Å2 s) and 1000 e�/(Å2 s)), signifi-
cantly fewer layers formed at reaction times longer than 16 min.
The S/N drops to 11.0 at 500 e�/(Å2 s), which still captures carbon
growth but at a lower sensitivity. Therefore, selection of the dose-
rate appears to play an important role to ensure image qualitywhile
minimizing beam induced carbon growth. This qualitative effect
observed in Fig. 4 can be quantified as shown in Fig. 5, where the
number of full or partial layers of carbon is plotted as a function
of reaction time for varying dose-rates. Again, it is clearly evident
that using a dose-rate of 2000 e�/(Å2 s) significantly enhances the
rate of carbon growth compared to the lower dose-rates at which
more comparable growth rateswere observed, at similar total doses
(Fig. 5 caption). The reference areas inspected after growth termina-
tion (Fig. S2) indicate that on particles previously unexposed by the
beam, there is roughly the same number of layers of carbon as there
were on the particles that were continuously imaged at both 1000
and 500 e�/(Å2 s), whereas for Pt nanoparticles in the reference area
shows less carbon compared to the particles illuminated by
2000 e�/(Å2 s) through the experiment. Therefore, the two lower



Fig. 4. Effect of the electron-beam dose-rate on carbon growth (1 mbar C2H4, 773 K) on Pt/MgO as a function of reaction time (Mode 1). For the 2000 e�/(Å2 s) series, the
estimated electron doses are 3.6 � 105 e�/Å2 (9 min) and 7.2 � 105 e�/Å2 (16 min). For the 1000 e�/(Å2 s) series, the estimated electron doses are 1.2 � 105 e�/Å2 (19 min) and
2.4 � 105 e�/Å2 (52 min). For the 500 e�/(Å2 s) series, the estimated electron doses are 6 � 104 e�/Å2 (33 min) and 1.8 � 105 e�/Å2 (60 min). Images acquired at <0 min are
under 1 mbar H2, 773 K.

Fig. 5. The number of carbon layers (full + partial) on five Pt nanoparticles as a
function of reaction time, under 1 mbar C2H4 and 773 K, at different dose-rates of
500, 1000 and 2000 e�/(Å2 s), respectively. Open symbols refer to other particles
serving as a reference that were observed post-mortem (10�5 mbar and 773 K)
without any prior beam exposure. Curves are included to guide the eye. The
estimated electron doses are for the 2000 e�/(Å2 s) series (black square):
2.4 � 105 e�/Å2 (8 min), 3.6 � 105 e�/Å2 (9 min) and 7.2 � 105 e�/Å2 (16 min), for
the 1000 e�/(Å2 s) series (red circle): 1.2 � 105 e�/Å2 (19 min), 1.8 � 105 e�/Å2

(48 min) and 2.4 � 105 e�/Å2 (52 min), for the 1000 e�/(Å2 s) series (red diamond):
1.2 � 105 e�/Å2 (50 min) and 2.4 � 105 e�/Å2 (68 min), for the 500 e�/(Å2 s) series
(blue triangle up): 6 � 104 e�/Å2 (33 min) and 1.8 � 105 e�/Å2 (60 min), and for the
500 e�/(Å2 s) series (blue triangle down): 3 � 104 e�/Å2 (35 min), 9 � 104 e�/Å2

(65 min) and 1.5 � 105 e�/Å2 (80 min).
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dose-rates were a suitable balance between maintaining a detect-
able image signal while suppressing beam-induced deposition.

This enhancement of the carbon growth rate by the electron
dose-rate is likely due to the excitation or ionization of the reactant
molecules via either primaryor secondary electrons [50]. In addition
to the dose-rate, the energy of the incident electrons may also
impact growth. The present energy of 300 keV is higher than the
threshold energy for atom displacement in carbon materials (ca.
68 kV) [51], so beam-induced sputtering off carbon may compete
with the carbon deposition. This structural change was addressed
by extended beam illumination of grown carbon structures in vac-
uum. Fig. 6 documents that the illumination during a period of
9 min at 1000 e�/(Å2 s) (a cumulative dose of 5.4 � 105 e�/Å2) is
enough to sputter off two carbon layers. Therefore, it is important
to limit the time of beam illumination when observing carbon in
vacuum. During the in situ experiment, it is also inevitable that the
electron beammay sputter off carbon concurrently with the carbon
deposition. Thus, to address the significance of carbon sputtering,
the total electron dose delivered to a specimen area under observa-
tion is estimated based on the dose-rate and accumulated illumina-
tion time. For image series discussed in the following, this estimated
cumulative electron dose is kept at or below 5.4 � 105 e�/Å2 for
reducing the impact of sputtering on carbon growth.

To address the mechanism of carbon growth, the first issue
investigated was the growth mode of multiple carbon layers
around the nanoparticle. From the two time series shown in
Fig. 7, it is clear that multiple partial layers are capable of forming
without the necessity of full particle encapsulation by the first
layer. Examination of Fig. 7b and c (and similarly Fig. 7e and f)
shows that additional layers of carbon have nucleated and grown
from the surface of the observed nanoparticle, without the
nanoparticle being fully encapsulated. Therefore, the formation of
additional layers of carbon can precede the encapsulation of a Pt
particle by a single layer. Due to the projection geometry in TEM
imaging, surfaces other than those terminating the projected parti-
cle profile may form multiple carbon layers as well. Such layers
remain unresolved due to the overlaid contrast from bulk nanopar-
ticle and due to the low electron scattering power of C compared to
Pt. However, to resolve details of the multi-layer growth
mechanisms observations at the terminating surfaces are sufficient
[28–30,32–34]. Moreover, part of the projected particle profiles



Fig. 6. Effect of beam illumination during post-mortem analysis on carbon deposited in situ. The (a) original carbon layers were sputtered off by the electron beam after (b)
9 min of illumination at 1000 e�/(Å2 s) at room temperature and 1.2 � 10�5 mbar.

Fig. 7. Time-resolved TEM images showing multi-layer carbon growth on Pt nanoparticles. The images are extracted from image series acquired in situ in two experiments
using mode 1 with Dt � 15–30 min and shown versus reaction time. The images are recorded at 1000 e�/(Å2 s) (a–c) and 500 e�/(Å2 s) (d–f) and the estimated electron doses
are (b) 1.8 � 105 e�/Å2, (c) 3.0 � 105 e�/Å2 and (e) 1.2 � 105 e�/Å2, (f) 1.8 � 105 e�/Å2. Growth conditions: 1 mbar C2H4, 773 K. The white arrows indicate the location of partial
layer formation. Images acquired at <0 min are under 1 mbar H2, 773 K.
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remained unchanged and free of carbon during growth. This
absence of carbon is likely due to either incomplete encapsulation
of the gas-accessible Pt surface or parts of the particle periphery
overlaid on the support in the image that reflects the Pt–MgO
interface. No previous experimental evidence has directly
addressed mechanisms for encapsulating Pt nanoparticles by mul-
tiple carbon layers, to the best of our knowledge. Interestingly,
molecular dynamic (MD) simulations have shown that during the
growth of the multiple carbon layers on Fe nanoparticles it is more
favorable for carbon atoms deposited from the gas phase or precip-
itating from the nanoparticle to first complete an encapsulating
carbon layer, after which carbon atoms precipitate from the bulk
to form additional carbon layers between the existing layer and
the metal nanoparticle surface [44]. To address the differences in
the findings for Pt and Fe, a closer examination was undertaken
of whether the Pt nanoparticle restructures over the course of car-
bon deposition.

A survey of three particles is shown in Fig. 8. It is clear that in
each case the particles evolved in shape over time, and became
rounder as the coking continued. While slight particle rotation dur-
ing the course of the experiment could affect the profile shape of
the particles, none of the particles observed became more facetted
after carbon growth, suggesting that the ‘‘rounding” was inherent
to the particle morphology. This reshaping is further corroborated
by mapping out the projected shape of 15 different particles in
their initial reduced state and after the carbon growth. For each
state, the shape of the particle is simplistic parameterized by its
circularity as calculated using Eq. (1).

Circularity ¼ 4p� ðarea=perimeter2Þ ð1Þ



Fig. 8. In situ TEM images of three representative particles as a function of reaction time (a, c, e – 0 min, b – 65 min, d – 37 min, f – 22 min) illustrating shape change (Mode 1).
The images are recorded at 1000 e�/(Å2 s) and the estimated electron doses are (b) 4.2 � 105 e�/Å2, (d) 3.0 � 105 e�/Å2, and (f) 1.2 � 105 e�/Å2. Growth conditions: 1 mbar
C2H4, 773 K. Images acquired at <0 min are under 1 mbar H2, 773 K.

Fig. 9. Change in circularity factor (Circularitypost-reaction � Circularityinitial) as a
function of reaction time for 15 different particles, taken at 1000 e�/(Å2 s) and
500 e�/(Å2 s). Growth conditions: 1 mbar C2H4, 773 K.
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With this definition, a circularity of 1.0 is expected for a perfect cir-
cle and a circularity of zero is expected for an infinitely elongated
polygon. Fig. 9 shows that while the difference in circularity (Circu-
laritypost-reaction � Circularityinitial) was not uniform among all parti-
cles, all of the particles clearly became rounder as a function of
reaction time. Absolute values of circularity for the 15 different par-
ticles are plotted as a function of reaction time in Fig. S3, with an
example of a time-resolved series with labeled circularity values
in Fig. S4. An increase in circularity implies the formation of more
low-coordinated sites such as kinks, corners, and steps. Because of
this evident restructuring of the nanoparticles, a greater focus was
placed on the dynamics of the surface structure.

Fig. 10 shows a time series of TEM images illustrating the effect
of carbon growth on the surface morphology of the Pt nanoparticle.
At t = 3 min, we observe the formation of a partial layer of carbon
on the topside of the nanoparticle, accompanied by the formation
of a small step, and at t = 12 min, the formation of a second step
appears at the bottom side of the nanoparticle together with the
formation of another carbon layer. This effect becomes more pro-
nounced over time as the step becomes enlarged at t = 20 min,
allowing the formation of a second layer. This effect of step
formation is in agreement with previous in situ studies of carbon
nanofiber growth occurring on Ni [28–30]. However, for Pt, we
see the formation of steps during carbon encapsulation. The forma-
tion of steps is further substantiated by the image series in Fig. 11.
These image series therefore demonstrate that the surface of the



Fig. 10. Time-lapsed in situ TEM images of a Pt nanoparticle over the course of 20 min under 1 mbar C2H4 at 873 K. Images are recorded at 500 e�/(Å2 s) (Mode 1) and the
estimated electron doses are (b) 6 � 104 e�/Å2, (c) 1.8 � 105 e�/Å2, and (d) 3.0 � 105 e�/Å2. White arrows indicate the formation of a step accompanying carbon deposition
and a region of interest (white box in (a)) enlarged below the image. Image acquired at <0 min is under 1 mbar H2, 773 K.
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nanoparticle changed over time due to the formation of new steps
from which new carbon layers nucleated and grew. Therefore, as
steps enlarged (Fig. 10) or multiple steps formed on the surface
of the nanoparticle (Fig. 11), multiple new growth centers became
available, explaining why multiple partial layers grew simultane-
ously. While it is possible that some facets contained steps in the
reduced state, the overall constant periphery and overlap with
the support in projected images of Figs. 10 and 11, indicate that
the new steps are not a result of a particle rotation but rather a
dynamic event in the course of time. Furthermore, we do not
observe any apparent change in Pt nanoparticles under the expo-
sure to only H2 (Fig. S5), demonstrating that the electron illumina-
tion is not inducing atomic displacement under the present optical
settings and exposure times and that step formation must be
related to the ethylene exposure.

The question remains as to what is the driving force behind the
restructuring of the Pt nanoparticle to form steps. For Ni, DFT cal-
culations suggest that nucleation near a metal step edge is more
likely than on a terrace site [28,37,39] and that the gain in energy
by binding carbon atoms to a step compared to a terrace is enough
to compensate the energy cost for Ni step formation. A similar
explanation might be extended to Pt, though detailed DFT calcula-
tions for carbon growth on Pt are needed, which probably should
consider the role of hydrogenated carbon species as well. While
both Ni and Pt exhibit surface restructuring, carbon layers on Ni
tend to slough off the particle and form a nanofiber [28], whereas
Pt and other noble metals tend to exhibit carbon encapsulation
[52]. In both cases, carbon layers tend to contour the surface of
the nanoparticle. However, the Ni surface was dynamically chang-
ing upon step formation and restructuring such that the shape of
the nanoparticles facilitated the alignment of the carbon layers
into tubular structures. In contrast, the Pt surface was less fluctu-
ating and the nanoparticle became encapsulated. The difference
in dynamic behaviors is probably reflecting differences in the reac-
tion conditions as well as the cohesive energy of the metals.

Previous ex situ TEM studies of carbon formation on Pt/MgO
[20] have shown that the formation of carbon layers initiates at
low-coordinated sites, such as steps, on the surface of Pt nanopar-
ticles. Also of note, a recent study on the nucleation and growth of
graphene on Pt(111) surfaces using scanning tunneling micro-
scopy (STM) suggests that graphene islands nucleate slightly more
favorably at metal step edges than on terraces [53]. Therefore, a
possible explanation for why bimetallic Pt catalysts are effective
at suppressing coke deposition is that the second element (Sn, In,
Ga, etc.) increases the strain at the Pt step edge and suppresses
the nucleation of carbons at the steps [38]. It is important to note,
however, that not all particles observed in the present study exhib-
ited step formation in conjunction with carbon growth. This could
be either a result of carbon nucleating on a terrace site, consistent
with Ref. [53], or a step site that is hidden from a 2-D projection
view of a 3-D nanoparticle. It is evident, though, that the nanopar-
ticls are not static during coking deposition (Fig. 8), and in some
cases, step formation facilitates the nucleation and growth of
additional carbon layers (Figs. 10 and 11).

Despite the ‘‘pressure gap” between experiments done in a
reactor system and inside the microscope, similarities in step



Fig. 11. Two time-lapsed series of TEM images of (a – 0 min, b – 50 min, c – 68 min, and d – 0 min, e – 61 min, f – 76 min) of Pt nanoparticles as a function of reaction time
during carbon growth (1 mbar C2H4, 773 K). Images are recorded at 1000 e�/(Å2 s) (Mode 1) and the estimated electron doses are (b) 2.4 � 105 e�/Å2, (c) 4.2 � 105 e�/Å2, (e)
2.4 � 105 e�/Å2, and (f) 3.6 � 105 e�/Å2. White arrows indicate the location of step formation as carbon layers encapsulate the nanoparticle. Images acquired at <0 min are
under 1 mbar H2, 773 K.

Fig. 12. An ex situ TEM image of (a) Pt/MgO carburized in a reactor system under 0.2 bar ethane at 873 K for 1 h. For comparison, an in situ TEM image of (b) Pt/MgO
carburized in the microscope under 1 mbar C2H4 at 773 K for 20 min, taken at 500 e�/(Å2 s) (Mode 3).
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formation and carbon nucleation are striking, as shown in Fig. 12.
In Fig. 12a, a sample of Pt/MgO had been exposed to a pressure of
0.4 bar of ethane for 2 h at 873 K and imaged ex situ by HRTEM. The
carbon layers can be traced back to the step that has formed on the
concave side of the nanoparticle. Nanoparticles that had been
exposed to 1 mbar of ethylene for 20 min at 773 K (Fig. 12b) exhib-
ited almost identical characteristics, with multiple carbon layers
nucleating from the step edge. Therefore, despite the low pressures
of hydrocarbon used in the in situ TEM experiment, similarities in
carbon growth mechanisms can be observed, proving in situ TEM is
a valuable tool for imaging catalysts at work.
4. Conclusion

In situ HRTEM experiments were done to investigate the forma-
tion of carbon layers on MgO-supported Pt nanoparticles upon
exposure of the catalyst to ethylene at elevated temperature. An
imaging strategy was carefully established in order to suppress
beam-assisted carbon growth and to minimize beam-induced
sputtering of grown carbon layers. Hereby, in situ TEM reveals that
multiple partial layers of carbon formed without the Pt particle
being completely encapsulated by the first carbon layer. Addition-
ally, particles became rounder as a function of reaction time, sug-
gesting that coking caused significant restructuring on Pt
nanoparticles. A closer look at the surface of the nanoparticles
revealed that, in some cases, steps formed spontaneously in the
surface and assisted in nucleation and growth of multiple carbon
layers involved with the encapsulation of nanoparticles.
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