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ABSTRACT: We have observed a previously undescribed
stepwise oxidation of mono- and few layer suspended graphene
by silver nanoparticles in situ at subnanometer scale in an
environmental transmission electron microscope. Over the
range of 600850 K, we observe crystallographically oriented
channelling with rates in the range 0.011 nm/s and calculate an
activation energy of 0.557 ( 0.016 eV. We present a discrete
statistical model for this process and discuss the implications for
accurate nanoscale patterning of nanoscale systems.
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T

he channelling of graphite by metal nanoparticles in oxidizing or reducing environments has been the subject of
intermittent interest since the discovery of the eﬀect in the
1930s.19 Recently, the potential of this method for the patterning of graphene has been discussed1016 due to a number of inherent
advantages over the application of standard silicon microfabrication
techniques to graphene: channelling is directed along well-deﬁned
crystal lattice directions (usually the so-called “zig-zag” or “armchair”)
with channel widths determined by the particle diameter, low edge
roughness (<1 nm), the avoidance of resist masks combined with the
possibility of parallel fabrication. While these features are all unique to
nanoparticle channelling in graphene16 the preference for certain
crystallographic orientations is perhaps the most interesting. This is
so far the only known method of patterning graphene along particular
crystallographic directions to leave edges consisting of a single
chirality which is crucial for graphene nanoribbon and spintronics
devices.17
All previous studies of channelling behavior have been limited
by the need to perform the experiment ex situ, that is, comparing
single “before” and “after” images; for example, observation of the
oxidation of graphene layers supported by the graphite basal plane by
silver nanoparticles ex situ at 900 K in air,12 or hydrogenation of
monolayer graphene supported by oxidized silicon ex situ at 1300 K
under a ﬂow of hydrogen.13 In these and other ex situ experiments,
the dynamic behavior must be inferred from the length of channels
and heating time after completion of the experiment with the rate of
formation of the channel assumed to be consistent over the course of
the experiment.
Here, we report for the ﬁrst time the nanoscale observation of
this channelling process by silver nanoparticles in an oxygen
r 2011 American Chemical Society

atmosphere in situ on suspended mono- and bilayer graphene in an
environmental transmission electron microscope, enabling direct
concurrent observation of the process, which is impossible in ex situ
experiments. The use of suspended graphene membranes of large
area and known number of layers is an advantage for the analysis of
behavior. In contradiction to the constant velocity assumed in all
previous reports, the velocity varies randomly on short length and
time scales, even including some lateral motion. We are able to
determine reliably the ensemble activation energy for the process
based on the velocity distributions. Measurement of the particle
velocities in situ in the ETEM is the ﬁrst demonstrated accurate way
to determine the activation energy for this process.
Over the temperature range 600850K at oxygen ﬂow rates of
210 mL/min, we have measured particle channelling rates of
0.011 nm/s for more than 25 particles. Via analysis of diﬀraction
patterns and high-resolution images, we ﬁnd that all of the channels
in monolayer and bilayer graphene longer than the particle diameter
are aligned to the Æ100æ directions in graphene, that is, leaving zigzag
edges behind (Figure 1e,f). The edge roughness of etched channels
appears to be smaller than 1 nm with more accurate determination of
the roughness limited by the constant removal of undercoordinated
edge atoms via knock-on damage during imaging.18
The particles move at a surprisingly uneven rate, even when
making long straight channels (Figure 2a). In addition, the
particles exhibit a small degree of ﬂuctuating motion normal to
the channelling direction. At 600 K the etching rate is slow with
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Figure 1. (a) Transmission electron microscopy (TEM) micrograph of
an aperture with suspended few layer graphene after evaporation of Ag
(visible as dark spots). Holey carbon support ﬁlm is visible at the edges of the
image. Scale bar 500 nm. (b) Few layer suspended graphene ﬁlm showing
numerous channels. Defocus is used to emphasize the channel edges and
highlight the Bragg reﬂections of the crystalline silver nanoparticles (bright
spots). Scale bar 100 nm. (c) Diagram of sample construction. (d) Multiple
nanoparticles channelling through a monolayer graphene sheet. Carbon
support ﬁlm and the edges of the graphene sheet are visible at the left of the
image. Scale bar 100 nm. (e) Single layer graphene diﬀraction pattern of
panel d. Scale bar 5 nm1. (f) Polar plot of channel length and orientation for
a typical image. The orientation of the graphene lattice is indicated.

the particles appearing stationary in many intervals (to within a
single pixel) (Figure 2d). The mean and variance of the channelling rates increase at higher temperatures with notably fewer
stationary periods (Figure 2eg).
To explain this erratic behavior, we propose a discrete model
of the particle motion by introducing a scale time Δt and scale distance Δs. The position of the particle either changes instantaneously
by Δs with probability P(move) = x, or is otherwise stationary. The
position of the particle is measured at equal time intervals of length Δτ
providing N = Δτ/Δt . 1 successive independent tests during that
interval, with ni e N discrete steps accounting for the total movement
of the particle ΔSi during the ith interval of length Δτ. The
expectation value for the number of movements during the interval
is xN. We deﬁne the interval velocity νi = ΔSi/Δτ = niΔS/Δτ.
The probability of observing exactly k movements for N
successive tests is then given by the Poisson distribution
Poissonðni ¼ k; xNÞ ¼ ðxNÞ

k expð  xNÞ

k!

Sampling the interval velocity of the particle over M intervals
gives a set of velocities {Δv1, Δv2, ...ΔvM}. The average v of this
set
M

v¼

∑ vi
i¼1
M

Figure 2. (a) Individual nanoparticle channelling in monolayer graphene. Seven frames are superimposed with a time between successive
frames of 124 s. The particle eventually reaches the graphene edge
indicated and the graphene sheet is cut (see Supporting Information).
(b) The positions of the particle in panel a, measured every 12.4 s. The
variation in the particle displacement between successive intervals of
time is clear. (c) Schematic of the model. The total displacement ΔSi of
the particle in the ith interval is measured after a period of time Δτ . Δt.
In the diagram, Δτ/Δt = N = 10. At each moment Δtj the particle can
either move a discrete distance Δs with probability x or remain stationary
with probability 1  x. Each interval Δτ contains an average of xN
movements of Δs. (df) Selected histograms of the interval velocities
for three diﬀerent particles at diﬀerent temperatures, T = 598, 740, and
858 K. The points overlaid are the x-scaled Poisson distribution
corresponding to integer values of k = {1, 2, ...}. The histograms and
models are normalized to 1. The lines are guides for the eye. (g)
Comparison of the models from (df); note the increase in variance
with temperature.

is the maximum likelihood estimator of the most likely velocity ~v
of the particle. For large enough M
ν = ~v ¼ xN

Δs
Δs
¼ x ¼ Kx
Δτ
Δt

giving a scale velocity K for the system.
If we assume that the probability of a single discrete motion
depends on temperature as x = exp(Ea/kBT) and plot experimental velocity estimates v in an Arrhenius plot ln(v/ν0) = ln(K/
ν0)  Ea/kBT (where ν0 = 1 nm/s) as a function of T1 then
linear regression provides an estimate of the y-intercept ln(K/ν0)
and the gradient Ea/kB. We obtain K = 1.8 ( 0.5 μm s1 and Ea
= 0.557 ( 0.016 eV (Figure 3a). Scaling the Poisson distribution
by our experimentally determined K and our measurement
interval Δτ and setting Δs = 1.4 Å, the interatomic distance in
graphene, we obtain excellent agreement between the predicted
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Figure 3. (a) Arrhenius plot of ln(v/ν0) vs T1. Linear regression gives
Ea and the prefactor K by ln(v/ν0) = ln(K/ν0)  Ea/kBT. Error bars
account for both statistical uncertainty and pixel quantization. (b) Plot of
residuals from ﬁt in panel a vs nanoparticle diameter. By eliminating the
eﬀect of temperature on velocity, we observe no correlation of velocity
with diameter. The gray level of the point indicates the pressure, and the
labels show the number of removed layers and the total number, that is,
1/1 indicates monolayer channelling, 1/2 indicates one layer of a bilayer,
etc. No correlation is observed for either variable. The horizontal line
indicates the calculated regression line in panel a.

and experimentally sampled frequencies of the interval velocities
(Figure 2dg). K/Δs gives an estimate of Δt of 80 ( 20 μs. We
stress that we have not ﬁt the data to a Poisson distribution and
do not use any free parameters except for assuming that Δs = 1.4
Å is the scale length of the smallest discrete motion. The
randomized, discontinuous motion described in this model and
observed experimentally is analogous to shot noise in electronics.
We also note that due to the properties of the Poisson distribution, the standard deviation of the velocity σν~ ∼ (x)1/2 ∼
exp(Ea/2kBT), and therefore increases quite rapidly at ﬁrst
with increasing temperature.
We observe some completely stationary particles, which
supports the idea that channelling in the investigated system
only initiates at defect sites on the graphene surface or edges.12
The alignment of the channels to the Æ100æ directions in
graphene indicates that the removal of “armchair” carbon atoms
is energetically favorable, as compared to “zigzag” atoms, which
end up comprising the edges of the channels. The mean particle
velocities display a marked lack of dependence on the number of
layers that are removed or particle size (Figure 3b) and in
contrast to previous reports.7 We ascribe this behavior to a
nearly constant number density of carbon atoms per silver atom
per unit of contact perimeter of the particle with the graphene.
There is also no apparent dependence on the ﬂow rate, and hence
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the pressure of oxygen, within the range tested (Figure 3b). In
contrast to previous reports,12 we do not observe any spiralling
behavior, which can possibly be ascribed to the lack of a substrate,
for example, misoriented graphite basal planes in a bulk HOPG
crystal. Alternatively, spiralling behavior may be limited to
particles larger than observed here.
We have performed in situ observation of the catalytic
channelling behavior of silver nanoparticles on a suspended
graphene surface for the ﬁrst time. By performing the experiment
in situ, the particle position can be monitored during the
formation of the channel, in contrast to ex situ experiments.
We ﬁnd particle velocities of 0.011 nm/s over the temperature
range 600850 K at pressures of 4.513 Pa, which is in contrast
to the rapid 250 nm/s at 900 K in air as previously reported.12
Sampling the position of the particle with greater temporal and
spatial resolution enables us to observe small lateral deviations of
the particle around the main direction of motion; accounting for
these lateral deviations enables more accurate determination of
the average particle velocity. The channelling direction of the
particles is aligned to the Æ100æ directions, driven by the
diﬀerence in energy required to remove individual atoms from
the receding edge. The particles move with a discrete stopstart
motion, leading to an overall velocity whose distribution is well
described by the Poisson distribution. As a direct consequence,
σ2ν~ scales in direct proportion to ν~. This may pose problems when
using many particles in parallel to channel graphene, since the
particles will not move at identical velocities. The proportional
standard deviation σν~/ν~  x1/2 indicates that higher temperatures could remedy this problem by reducing the relative eﬀect.
This uncertainty is a fundamental feature of discrete systems and
leads to unavoidable variations when dealing with the small
numbers of atoms which are important at the nanoscale.
We have determined the ensemble activation energy for the
process at 0.557 ( 0.016 eV. This is the ﬁrst time that the
activation energy has been calculated for this process by in situ
observation of the actual particle dynamics.
Catalytic particle channelling has unique possibilities in terms
of providing lithographic patterning on a scale much smaller than
any other nonserial technique and has the outstanding quality
that the crystallographic directions are automatically selected
with no need of subsequent annealing or postprocessing19 or for
prior knowledge of the lattice orientation. The channels could be
utilized as self-aligned, batch-fabricated electrode gaps with
dimensions in a relevant range for molecular electronics, where
electrode faces with Å-level ordering appear to be within reach.
Methods. Sample Preparation. Graphene was prepared on
90 nm poly(methyl methacrylate) (PMMA)-coated silicon substrates and either transferred to Quantifoil TEM grids,20 or a
TEM grid produced in place by electroplating.21 These procedures result in multiple freestanding graphene regions with a size
in excess of 2 μm supported at the periphery (Figure 1a,c).
The samples were inserted into a TEM sample holder with an
Inconel heating element (Gatan Inc.) and were baked out at 770
K at 104 Pa for a minimum of 5 h to reduce hydrocarbon
contamination from oil and resist residues. We note that the
electron beam will cross-link residual PMMA, making it more
diﬃcult to remove via annealing if the sample is exposed to the
electron beam before this cleaning process is complete.
After cleaning, an amount of silver equivalent to a 0.11 Å
layer is sputtered onto the entire sample surface ex situ. At such
low coverage, we readily observe nanoparticles with sizes of the
order of 10 nm on the graphene surface. At higher silver coverage
2691
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(∼5 Å), the particles ﬁrst oxidize surfacial hydrocarbon contamination rather than graphene. Once the contamination is removed, however, the graphene sheet is very rapidly destroyed
(Supporting Information Video S1a and Video S1b).
Imaging Conditions. The samples are imaged at 80 keV in a
spherical aberration corrected FEI Titan ETEM. To initiate the
channelling behavior, we introduce oxygen at a flow rate of
210 mL/min, resulting in a pressure of 4.513 Pa in the
immediate vicinity of the sample. This leads to a strong thermally
induced drift of the sample. For this reason, it was not possible to
make very accurate observations of the onset of channelling
behavior, although the channelling appeared to start and stop
immediately with the presence or absence of a flow of oxygen,
respectively.
Particles that display channelling behavior (Figure 1b,d) are
observed in the TEM with typically 2001000 images taken at a
measured framerate of ∼0.11 Hz per particle (Supporting
Information Video S2 and Figure S2). Drift correction, where
necessary, is performed using automated image registration
based on the SIFT technique;22 brieﬂy, key features are extracted
from an image based on contrast and then identiﬁed in the next
image in the sequence with the relative image translation used to
compensate for the drift. We use magniﬁcations of 1087 kX,
corresponding to 180650 pm/px. The beam current is kept
constant at 20 nA, but the intensity of the beam is varied to
ensure adequate signal-to-noise ratio at diﬀerent magniﬁcations.
No systematic variation in the particle behavior as a function of
beam intensity is observed. A closer study is required to verify
this, since momentum transfer to the particles cannot be ruled
out as a contributing factor.23,24
Position Measurement. The (x,y) position of the centroid of
the particle is measured every frame (Figure 2a,b), and the 2D
displacement ΔSi = [(xi  xi1)2 þ (yi  yi1)2]1/2 during the
interval Δτ is calculated (Figure 2c), resulting in a histogram of
“interval velocity” νi = ΔSi/Δτ (Figure 2dg). Where necessary,
the resolution of the images is doubled using bicubic interpolation, to reduce the influence of pixel quantization error on finding
the centroid.

’ ASSOCIATED CONTENT
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Supporting Information. Four movies (S1a (si_002.
avi), S1b (si_003.avi), S2 (si_004.avi), S3 (si_005.avi)) of
nanoparticle etching observed in situ and raw (x,y,t) data in
spreadsheet form. This material is available free of charge via the
Internet at http://pubs.acs.org.
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