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Determining the physisorption energies of molecules on graphene nanostructures by measuring
the stochastic emission-current fluctuation
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A method of determining the physisorption energy of molecules on carbon nanostructures using field emis-
sion current fluctuation measurements is presented. A stochastic model, broken into birth and death processes,
was applied to analyze the current fluctuation and determine the physisorption energy. This method yields a
highly sensitive, precise determination of the physisorption energy of molecules, and we include the phys-
isorption energies for various molecules on a graphene nanostructure.
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Zero-, one-, and two-dimensional carbon nanostructures
have great potential in a broad range of applications ranging
from molecular sensors [1-3] to field emission devices [4,5].
For example, understanding the adsorption and transport
properties of molecules on or inside carbon nanostructures is
of great importance for special items such as gas sensors
[1-3] and nanovalves [6—8]. Numerous methods have been
used to measure gas adsorption, including electric resistance
(capacitance) [1,2,9,10] and thermal desorption [11,12].
However, these methods lack sensitivity and suffer from a
slow response time.

The electronic properties of nanotubes are very sensitive
to the adsorption of molecules [3,13—15]. This characteristic
is clearly observed when measuring field emission-current
fluctuations of carbon nanostructures, where the emission-
current stability is easily lost under typical vacuum condition
(1078 Pa) with the introduction of trace amounts of gas
(107 Pa). This phenomenon can be explained as the adsorp-
tion and desorption of molecules onto emission sites of car-
bon nanostructures with the molecules adsorbing onto the
nanostructures affecting the electronic properties, such as
charge transfer and tunneling probability [16,17].

In this paper, we report a method of determining the phy-
sisorption energy by measuring the field emission-current
fluctuation. We present a model in which the field emission-
current fluctuation originates from the adsorption and de-
sorption of molecules onto a graphene nanoneedle, which is
described using a stochastic birth and death model [18]. The
emission-current fluctuation was analyzed as a function of
cathode temperature using differential equations obtained
from the model. Finally, we show how to determine the phy-
sisorption energy of various molecules on graphene surfaces
accurately.

Graphene nanoneedles (GRANNs) were fabricated by hy-
drogen plasma etching a carbon rod. The 0.5-mm-diam rod
was mechanically sharpened to a diameter of less than
10 um at one end, and then the GRANNs were formed on
the tip by hydrogen plasma etching. The hydrogen plasma
etching was done using a radio frequency power of 800 W, a
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gas pressure of 10 Torr, a H, gas flow rate of 80 sccm, and a
substrate temperature of 600 °C for about 30 min [19]. Be-
fore etching, the 0.5-mm-diam, mechanically sharpened,
graphite rod had a smooth surface. After etching, the surface
was covered with many nanoneedle structures with an aspect
ratio on the order of 1000. A transmission electron micros-
copy (TEM) image of the spearhead region shows a single
graphene nanoneedle structure (Fig. 1). The radius of curva-
ture in the top region of the needle was less than 5 nm. This
small radius and the high aspect ratio make it a suitable field
electron emission source. Using high-resolution TEM, we
observed a lattice fringe pattern from the bottom to the top of
the needle. Based on the lattice fringe and diffraction pat-
terns (¢ axis) shown in the inset of Fig. I, the nanostructure
consisted of a two-dimensional graphene sheet with an inter-
planar spacing of 0.36 nm. This value is larger than that of
the hexagonal graphite structure (0.34 nm), indicating that
the c-axis lattice is relaxed. Another diffraction pattern (a
axis), orthogonal to the interplanar direction, was also ob-
served. Based on the distance of the a-axis diffraction pat-
terns, we determined that the atomic level of spacing was
0.21 nm. This value corresponds to the (010) plane spacing

FIG. 1. TEM image (left inset), HRTEM image, and the selected
area electron diffraction pattern (right inset) of a single graphene
nanoneedle.
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FIG. 2. (Color online) (a) Schematic diagram of the system used
to measure fluctuation of the field emission current as a function of
cathode temperature in the presence of various purified gases. (b)
Physical desorption model in which fluctuation of the emission cur-
rent originates from the adsorption and desorption of molecules
onto the emission sites.

of the six-membered ring in the graphene sheet. The two-
dimensional (2D) graphene sheet structure with the lattice
fringes going from bottom to top is promising for electron
field emission because of the exceptionally large carrier mo-
bility (u=15000 cm? V~'s7!) and the small electron mass
(0.007 m,, m, being the free electron mass) [20-22].

The apparatus is shown schematically in Fig. 2(a). The
field emission fluctuation current was measured as a function
of cathode temperature in the presence of various purified
gases, including H,, CO, He, and Ar, at pressures of
10"*-107 Pa over a temperature range of 3001800 K. The
system had a point-to-semisphere electrode geometry with
the anode and field emitter separated by 10 cm. The fluctua-
tion was measured with a picoammeter and recorded over
200 s with a 1 ms sampling period [23]. Ultrahigh purity
(99.999%) gases were introduced through ultrahigh vacuum
leak valves, and a high sensitivity quadrupole mass spec-
trometer monitored the gas pressure of the physisorbed spe-
cies. The system was evacuated to a base pressure of
1 X 1078 Pa before the measurements. The GRANN cathode
was attached to a W filament using graphite dispersion to
heat the cathode, and the temperature of the GRANN cath-
ode was measured using a pyrothermometer or radiation
thermometer. Electric potentials of 0 to —10 kV were ap-
plied between the cathode and anode to achieve field emis-
sion.

Figure 3 shows the fluctuating emission-current distribu-
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FIG. 3. (Color online) Histogram of the emission-current inten-
sity at 300 K (rightmost, blue circles), 700 K (center, green circles),
and 925 K (leftmost, red circles) in a H, atmosphere; the solid lines
are the theoretically fitted curves. The inverse of the variance, 1/§,
for each temperature obtained by the theoretical fitting is shown as
solid circles. The solid line is the fitted curve with a physical ad-
sorption energy of 45 meV.

tion measured in a 10™* Pa H, atmosphere [24]. The probe
current intensity distribution at 300 K shown in Fig. 3 (right-
most, blue circles) gives the current fluctuation deviation,
Al/ 1,=0.31, where Al is the full width at half maximum
(FWHM) of the fluctuation and I, is the peak value of the
current. Figure 3 shows the distributions of the fluctuating
emission current at 700 K (center, green circles) and 925 K
(leftmost, red circles). The deviation can be reduced by heat-
ing the cathode: A//1,=0.21 at 700 K and Al/1,=0.16 at
925 K. This reduction in the deviation suggests that heating
is an effective way to stabilize the field emission current.
Along with the reduction of the deviation, the peak of the
current distribution shifts to the lower current side with in-
creasing cathode temperature. Both the reduction of the de-
viation and the lower peak shift of the current distribution
can be interpreted qualitatively as the adsorption and desorp-
tion of atoms or ions on or off surface of the cathode [25,26].

Figure 2(b) illustrates the model in which the emission-
current fluctuation originates from the adsorption and de-
sorption of atoms and/or ions. The current fluctuation occurs
due to the occupation of the emission sites by the adsorbed
atoms. Here, we postulate that the magnitude of the current
(I) is proportional to the number of occupied states (n); e.g.,
I(n)=I,+ nn, where I is the emission current of an unoccu-
pied state, and 7 is the magnitude of the current hop due to
the adsorption of a single molecule, to explain both the re-
duction of the deviation and the lower peak shift of the cur-
rent distribution. For this model, we define the transition
probability of the number of adsorbed atoms from state E; to
state E; as

P(t) = P[X(s + 1) = j|X(s) = ], (1)

where X(s) is a random variable at time s. We postulate that
the system changes only through transitions from states to
their nearest neighbors. If at time ¢, the system is in state E;,
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the probability that between ¢t and t+h the transition E;
—E;,, occurs equals N;i+o(h), and the probability of E;
—E;_; equals u/+o(h). The probability that during (z,¢
+h) more than one change occurs is o(h), where \; corre-
sponds to the adsorption rate, w; corresponds to the desorp-
tion rate, o(h) denotes a small quantity of the order of mag-
nitude 4, and £ is the subinterval of time duration A=1/N (N:
total interval, and generally A— 0). That is, the adsorption
and desorption rates in state E; can be written as:

Pii(h) =Nh+o(h), (2)
Pi_y(h) = wih +o(h), 3)
Pii(h)=1=(\;+ p)h+o(h), 4)
Py(h)=o(h) (li-k=2), (5)
Py(h) = 5;. (6)

We consider that the adsorption and desorption processes
shown in Fig. 2(b) can be described quantitatively as time-
homogeneous Markov processes satisfying the following
Chapman-Kolmogorov equation [18]:

P(t+h) =2 Pu()P(h). )
k

By taking k=j—1, j, j+1 for the summation in Eq. (7) and
using Egs. (1)—(6), we obtain the following differential equa-
tions:

dP;(t)
—dtL = w1 P () + N Py () = (N + ) Py(2), (8)

dP;(t)

dr = 1 Py (1) = NoPjo(1). )

To describe the adsorption and desorption processes
shown in Fig. 2(b), we assume that the rate \; is proportional
to the number of unoccupied emission sites, while the rate u;
is proportional to the number of occupied sites. Defining N,
as the total number of emission sites and j as the number of
occupied sites, we set

\j=a(No-J), (10)

Iu‘j=ﬂj’ (11)

where a and (3 are constants, such that « depends linearly on
both the current density and the residual pressure and S
depends on the temperature of the cathode. For example,
Boexp[—E, ./ kgT], where E,,; is the physical adsorption en-
ergy, T is the temperature, and kg is the Boltzmann constant.
Considering the stationary distribution for Egs. (8)—(11), the
limits lim P;;(t)=p;, t— o, exist and are independent of the
initial conditions [27]. Therefore, Egs. (8)—(11) can be com-
bined to express the stationary distribution p,, as the follow-
ing Poisson distribution:
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FIG. 4. (Color online) Inverse of the variance, 1/&, for CO
molecules (top, green circles), Ar molecules (center, blue circles),
and He molecules (bottom, red circles) as a function of GRANN
cathode temperature. The solid lines are the fitted curves with
physical adsorption energies of 110 meV for CO molecules,
100 meV for Ar, and 15 meV for He.

Pn= g_’ exp(=§), (12)
n:

where £é=Nya/(a+ B) and we assume the desorption ratio, 3,
is much larger than the adsorption ratio, a.

The solid lines in Fig. 3 are the theoretically fitted
curves given by Eq. (12), where the best fits were obtained
using the fitted values, £=2.76 X 1077 for 920 K (leftmost,
red line), £=3.45X 1077 for 700 K (center, green line), and
£=7.72X 1077 for 300 K (rightmost, blue line). By fitting the
histogram of the current fluctuation at various cathode tem-
peratures with Eq. (12), and then plotting these theoretically
determined values logarithmically [In(1/£)] as a function of
the inverse of the temperature, 1/7, we can determine the
physical adsorption energy, E,;, from the slope, as shown in
the inset of Fig. 3. The solid line shown in the inset of Fig. 3
is the theoretical line computed with a physisorption energy
of E,;=45 meV. The adsorption energies of H, molecules on
graphitelike surfaces show a wide range of binding energies
from 20 to 80 meV [28,29] because the adsorption energy of
molecules on the carbon nanostructures varies as the size
(e.g., the tube diameter), coordinate sites, and the surface
structure of the carbon nanomaterials change. We cannot dis-
tinguish the adsorption sites of the H, molecules onto the
emission sites of the carbon nanostructures; however, the
physisorption energy of E,;=45 meV is similar to the energy
onto a graphite surface [30], leading to our conclusion that
the electron emission occurs not from the edge of the nanon-
eedle, but from the basal plane where the crystal structure is
similar to the graphite surface.

The error obtained by this method is within *5 meV,
which allows the determination of the physisorption energy
of various molecules to a high degree of accuracy. Figure 4
shows the values of 1/§ obtained by measuring the emission-
current fluctuations as a function of various temperatures for
CO (top, green circles), Ar (center, blue circles), and He
molecules (bottom, red circles). The slope of the solid line
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shows the theoretically determined physical adsorption ener-
gies, E,;: 110 meV for CO molecules, 100 meV for Ar, and
15 meV for He. These graphene nanoneedle physisorption
energies are similar to the physisorption energies for the
graphite surface [30]. We cannot rule out the possibility that
the current fluctuation occurs due to variations in the adsor-
bate coverage on step edges and defects, where the enhance-
ment of physisorption energy occurs [31,32]. However, polar
adsorbates such as CO molecules on the graphite nanostruc-
ture showed similar adsorption energy to those on the graph-
ite basal surface, and we did not observe enhancement of the
binding energy due to a dipole interaction between polar
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molecules and step edges or defects. Therefore, we consider
that the electron emission occurs not from the edge of the
nanoneedle, but from the basal plane of the graphene sheet.

In conclusion, we have presented a stochastic model with
birth and death processes to describe the emission-current
fluctuation originating from the adsorption and desorption of
molecules onto the emission sites, and have determined the
physisorption energies of various molecules on a graphene
sheet nanostructure. The region of the emission sites (i.e., the
localized region of the electron wave function) affected by
this molecule physisorption is still an open question.
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