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1 Experimental method

Graphene flakes were mechanically exfoliated from highly oriented pyrolytic graphite (HOPG)

and transferred onto 300 nm thick SiO2 on heavily n++-doped Si substrate (less than 0.02Ω cm).

The number of layers was identified with optical microscopy and micro Raman spectroscopy,

and we selected BLG with the Bernal stacking.1–4 The D-band signal (≈ 1350 cm−1) was hardly

observed, which confirmed that graphene flakes used in this study was less defective. We used

photolithography rather than e-beam lithography for electrodes patterning to avoid imprinting lat-

tice defects caused by e-beam irradiation.5 We used OAP (Tokyo Ohka Co.) and TSMR-8900LB

(Tokyo Ohka Co.) as photoresist. Depositing Au/Cr (45 nm/ 5 nm) followed by lift-off, we ac-

quired back-gate-type FET devices with two-probe geometries. The conductivity was measured

in a small-scale vacuum chamber the basal pressure of which is under 10−4 Pa. The volume of the

vacuum chamber is designed to be small enough compared to the flow rate of the turbo molecular

pump system, so that 1 atm of gaseous oxygen can be evacuated in several seconds below the

pressure of 10−1 Pa. The drain-source current was set to 0.3–0.5µA.
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2 Electrochemical description in the charge transfer

The net electric current from the electrode to the redox molecules is obtained as a consequence

of compensation between the anodic partial current densityjOX (the electron transfer from the

reduced molecules to the electrode) and the cathodic partial current densityjRED (the electron

transfer from the electrode to the oxidized molecules), that is,

J = ( jOX − jRED)Aelec, (S1)

whereAelec is the surface area of the electrode. According to Butler–Volmer equation,6 each

partial current is given by

jOX = j0(T) exp

(
(1− β)ZCT

kBT
eη

)
, (S2a)

jRED = j0(T) exp

(
−βZCT

kBT
eη

)
, (S2b)

whereβ is the symmetry factor6 , ZCT is the number of the electrons involved in the redox reaction,

andη is the overpotential defined byη := E − Eeq (E is the electric potential of the electrode and

Eeq is the electric potential in equilibrium). When the system is in the equilibrium, i.e.,η = 0,

jOX = jRED = j0(T) is fulfilled, and the net current is equal to zero. Note thatj0(T) represents

the (gross) rate for charge transfer, and depends on temperature asj0(T) ∝ exp
(
−‡Eeq/kBT

)
(‡Eeq is the energy barrier of the electron tunneling whenjOX = jRED, namely, in the equilibrium

condition). Whenη < 0, the electron transfer from the electrode to the molecules prevails and

whenη > 0, the electron transfer occurs in the opposite direction.

Our electrochemical description of the charge transfer between graphene and the adsorbing

molecules assumes that graphene serves as the electrode. In the case shown in Figure 5 in the

main part, the overpotential corresponds to−eη = −∆G = ζG − ζads > 0. If ζG − ζads≫ kBT is

fulfilled, we can envisageJ ≃ − jREDAelec. Then the frequency of the charge transfer is given by

dNox

dt
=
−J

eAelec
∝ exp

(
−
‡Eeq

kBT

)
exp

(
−βZCT

kBT
eη

)
= exp

(−‡Eeq+ βZCT {εF + (ζCNP− ζads)}
kBT

)
, (S3)
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whereεF = ζG − ζCNP. We note that Eq. (S3) is equivalent to the Arrhenius equation with the

activation energy‡E = ‡Eeq + βZCTeη = ‡Eeq − βZCT {εF + (ζCNP− ζads)}. In the simple redox

reaction as above, the transfer coefficient is given byα′ = ZCTβ (i.e., d‡E = α′eη).6 Then we have

the expression for the change of the activation energy upon the Fermi energy and the equilibrium

potential as
d‡E = −α′dεF − α′d(ζCNP− ζads) + δ

‡E, (S4)

where we add the termδ‡E to take into account the other effects that do not change the Fermi

level nor the equilibrium potential, but change the activation energy. Molecular adsorption with

charge transfer should change both ofεF andζCNP− ζads, which leads to change in‡E according

to Eq. (S4). We can classify the possible adsorption effects into four categories:

Type I: The change ofεF through the charge doping to graphene.When carrier injection or

rejection occurs to graphene by molecular adsorption or the application of the gate electric field,

the Fermi level changes so that‡E changes. Since zero-gap semiconductor graphene (or even

bilayer graphene) has low density of states near the Fermi level, the small amount of charge

induced to graphene brings large (> 0.1 eV) shift. Thus Type I effect governs the change in‡E

accompanied with the molecular adsorption.

Type II-a: The change inζadsassociated with the increase of the adsorbed molecules.Accord-

ing to the Nernst equation, the equilibrium potential depends on the concentration of the adsorbed

molecules as dζads∝ ln(Nox) . In our case,ζads is raised as the oxygen adsorption (corresponding

to the cathodic reaction) proceeds, untilζads becomes eventually equal toζG (i.e.,η = 0) and the

net charge transfer occurs no more.

Type II-b: The change in the work function of graphene by the electrical dipole layer formed

between graphene and the adsorbed molecules with the finite charge.This effect is owing to

the field gradient (dipole layer) generated by the charge distribution between graphene and the

adsorbed molecules. According to Poisson’s equation, negative charge of the adsorbed oxygen

molecules and the positive charge induced on graphene lowers the electrochemical potential of

graphene in our case, which may change the relative level ofζads with respect toζCNP. The field

gradient should depend on the adsorption structure, yet assuming that charge transfer between the

adsorbed oxygen molecules and graphene occurs uniformly over the graphene surface, we can

speculate that Type II-b effect is almost proportional to the adsorbed molecules.
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Type II effects are related to the change in d(ζCNP − ζads) upon the increase of the adsorbed

molecules. We envisage that Type II effects are represented as d(ζCNP− ζads) ∝ dNox, as a matter

of covenience.

Type III: The inter-molecular interaction such as Coulomb repulsion between the adsorbed

molecules.This effect is an additional one corresponding to the termδ‡E in Eq. (S4); unlike the

previous ones, the adsorption effect classified into Type III directly lifts up the energy barrier for

charge transfer rather than changes the electrochemical potential of BLG. This would be promi-

nent if the areal density of the adsorbed molecules is high. The change in‡E by this effect is

expected to be proportional toNox in the first approximation.

Since Type II and III effects are envisaged to have the same dependence onNox (≈ nox/Z), we

can represent them shortly by

d‡EII,III = ξmoldnox = −ξmolD(εF)dεF, (S5)

where we have used the relation dnox = −D(εF)dεF. When the areal density of the adsorbed

molecules is so low that Type II-b effect is dominant in Eq. (S5),ξmol is estimated within the

plane capacitor model, in which the positive charges on graphene and the negative charges on the

adsorbed molecules form charged layers apart from each other by the distanced . We haveξmol ∼
αed/εε0 ∼ 10−18 eV m2 whereε is the relative permittivity (as for the interface between graphene

and the SiO2 substrate,ε = 2.5) andε0 is the vacuum permittivity. When dnox ∼ 1012cm−2 as in

our case, the activation energy changes by d‡EII,III ∼ 0.01 eV. This is comparable with the shift of

the Fermi level (i.e., Type I effect) and cannot be ignored.

Summing up all the molecular adsorption effects (ignoring Type IV effect), we acquire the

relation equivalent to Eq. (2) in the main part:

d‡E = −α′dεF + ξmoldnox = −αdεF, (S6)

where we define thepseudotransfer coefficientα by

α := α′ + ξmolD(εF) (S7)

The activation energy‡E is related to the overpotentialη and the Fermi levelεF by the transfer

coefficientα′ and the pseudo transfer coefficientα, respectively. Eq. (S7) shows us thatα becomes

greater thanα′ by ξmoldnox, to which we owe the anomalously largeαte (> 1) compared to the

typical transfer coefficient for the electrochemical reaction:α′ ∼ 0.5.
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Importantly, the gate electric field changesεF as well as the molecular adsorption does, and

thus changes the activation energy according to the discussion above. However, when only gate

voltage is applied without molecular adsorption,7 Type II and III effects are eliminated. Hence the

second term of Eq. (S7) vanished andα is almost equal toα′. This is the reason thatαgf , which

is calculated by the activation energy att = 0 and does not affected by the molecular adsorption

effect as mentioned above, is ca. 0.5.

Let us note the difference between our model based on the Butler–Volmer theory and that based

on the Marcus–Gerischer model.8–10 In our model, only the electron transfer at the energy of the

transition state is considered, yet Marcus–Gerisher theory integrates the contribution of the charge

transfer occurring at every energy level. Then the frequency of the charge transfer is given by

dNox

dt
= χW0

∫ ∞

−∞
dE f(E; εF + ζCNP)D(E − ζCNP) exp

(
−{E − (Eads− λ)}2

4kBTλ

)
, (S8)

in Marcus–Gerischer theory wheref (E; εF + ζCNP) = [(E − εF − ζCNP)/kBT + 1]−1 is the Fermi–

Dirac distribution,λ ∼ 1 eV is so-called reorganization energy, andW0 =
√

4kBTλ is the nor-

malization factor. Note that Eq. (S8) is obtained by the substitution ofcoxνκel = χD(E − ζCNP)

in Eq. (3) of Ref. 8, in which the effect by the factor ofD(E − ζCNP) of the graphene electrode is

ignored. AssumingD(E − ζCNP) ∼ DP = γ⊥/π(ℏvF), we havecoxνκel ∼ Zχγ⊥/π(ℏvF), which is

mentioned in the main part.

In contrast, our model (Eq. (3) in the main part) can be rewritten using Diracδ function as

dNox

dt
= χ

∫ ∞

−∞
dE f(E; εF + ζCNP)D(E − ζCNP)δ(E − ζTS), (S9)

whereζTS =
‡E+ εF+ ζCNP is determined by Eq. (2). The advantages of our model are that (i) the

equation of the adsorption rate does not include the integral as in the Marcus–Gerisher model so

that mathematical treatment is more feasible, and (ii) the various effects of molecular adsorption

discussed above can be included via the pseudo transfer coefficient.
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3 Temporal evolution of the charge doping

3.1 General expression for H kinetics model

The spectrum of the electric band of BLG is given by

ε±±F (k) = ±

√√√
ς2

k +
γ2
⊥
2
±

√
γ4
⊥
4
+ γ2
⊥ς

2
k , (S10)

whereςk = ℏvFk is the energy spectrum for SLG. Eq. (S10) is applicable near the CNP where

the electronic band dispersion can be considered to be circularly symmetric. The first sign of

the equation distinguishes the conduction bands and the valence bands, and the second sign does

the higher energy bands and the lower energy bands. We can clearly figure out that the band

dispersion of BLG ishyperbolicby transforming Eq. (S10) as(
εF(k) ± γ⊥

2

)2
− (ℏvFk)2 =

γ2
⊥
4
, (S11)

where forεF(k) ≥ 0 the band with the positive (negative) sign corresponds to the lower (higher)

energy band, and forεF(k) ≤ 0 the band with the positive (negative) sign corresponds to the

higher (lower) energy band. In the vicinity of the CNP where|εF| ≪ γ⊥/2 ≈ 0.2 eV is applicable,

Eq. (S11) approximately turns parabolic,

εF(k) = ± (ℏvFk)2

γ⊥
(S12)

The DOS of BLG is given by11

D(εF) =


1

π(ℏvF)2
(2|εF| + γ⊥), for |εF| < γ⊥ (S13a)

4
π(ℏvF)2

|εF|, for |εF| ≥ γ⊥ (S13b)

Note that there is a jump of the DOS at the bottom of the high energy band, i.e.,|εF| = γ⊥.

Let us write the integration form of Eq. (4):

− αte

kBT
exp

(
αte
εF,0

kBT

) ∫
I

dε′F exp

(
−αte

ε′F
kBT

)
D(ε′F)

D
(
ε′F +

‡E(ε′F)
) = pt, (S14)
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where I = [εF,0, εF] is the interval of integration. Herein we assume thatαte , 0,1. When

the parabolic approximation is available, the DOS can be envisaged as constant:D(εF) = DP =

γ⊥/π(ℏvF)2. Then we can obtain the expression P kinetics, given by Eq. (6).

For the derivation of H kinetics, we assignD(εF) = (2|εF| + γ⊥)/π(ℏvF)2 to the DOS at the Fermi

level, since the Fermi level fulfills|εF| < γ⊥ = 0.4 eV in the present study (see Figure 6(c)). On the

other hand for the DOS at the level of the transition state, it is reasonable to useD
(
εF +

‡E(εF)
)
=

4|εF + ‡E(εF)|/π(ℏvF)2, the DOS in which the higher energy band is included, since we find that

εF +
‡E(εF) is higher thanγ⊥ except in the short O2-exposure-time regime forVg,ad = −50 V (for

whichεF + ‡E(εF) is slightly lower than 0.4 eV). From Eq. (2) in the main part, we have

εF +
‡E(εF) = εF +

[
‡E(εF,0) − αte(εF − εF,0)

]
(S15)

Hence we obtain

D
(
εF +

‡E(εF)
)
=

4
[
εF +

‡E(t)
]

π(ℏvF)2

=
4

π(ℏvF)2

[
(1− αte)εF + αteεF,0 +

‡E(εF,0)
]

(S16)

Definingb =
[
αteεF,0 +

‡E(εF,0)
]
/(1− αte), we can transform the integration term in Eq. (S14) as

follows:

S[εF,0, εF] =
∫

I
dε′F exp

(
−αte

ε′F
kBT

)
D(ε′F)

D(ε′F +
‡E(ε′F))

=

∫
I
dε′F exp

(
−αte

ε′F
kBT

)
2|ε′F| + γ⊥

4(1− αte)(ε′F + b)

=
1

2(1− αte)

∫
I
dε′F sgn(ε′F) exp

(
−αte

ε′F
kBT

) (
1+

sgn(ε′F)γ⊥/2− b

ε′F + b

)
=

1
2(1− αte)

[
∓kBT
αte

e−
αte
kBT ε

′
F +

(
γ⊥
2
∓ b

)
e
αte
kBT b Ei

(
− αte

kBT
(ε′F + b)

)]
I

(S17)

where sgn(x) is the sign function, Ei(x) is the exponential integral defined by Ei(x) =

−
∫ ∞
−x

e−t/t dt, and [F(ε′F)] I := F(εF) − F(εF,0) for an arbitrary functionF(ε′F). The double signs

are in same order, and the upper (lower) signs are taken when the intervalI is in the higher

(lower) regime than the level of the CNP. If the intervalI includes the CNP (i.e.,εF,0 > 0 while
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Table.S1 Difference in the pseudo transfer coefficient and the activation energy for various

gate voltageVg,ad by the density of states of BLG at the level of the transition state: with/without

including the higher energy band (HE band), or the constant density of states

Vg,ad

Pseudo transfer coefficient αte Initial activation energy ‡E
(
εF,0

)
(eV)

with HE band without HE band constant with HE band without HE band constant

4|εF+‡E(εF)|
π(ℏvF)2

2|εF+‡E(εF)|+γ⊥
π(ℏvF)2

4|εF,0+‡E(εF,0)|
π(ℏvF)2

4|εF+‡E(εF)|
π(ℏvF)2

2|εF+‡E(εF)|+γ⊥
π(ℏvF)2

4|εF,0+‡E(εF,0)|
π(ℏvF)2

+80 1.56 1.55 1.54 0.40 0.39 0.40

+40 1.39 1.38 1.37 0.44 0.43 0.44

0 2.04 2.02 1.98 0.46 0.46 0.46

−50 3.18 3.14 3.05 0.50 0.49 0.50

εF < 0), the integration is performed in each regime:

S[εF,0, εF] =
1

2(1− αte)

[∫ εF

0
dε′F exp

(
−αte

ε′F
kBT

)
ε′F + γ⊥/2

ε′F + b

+

∫ 0

εF,0

dε′F exp

(
−αte

ε′F
kBT

) −ε′F + γ⊥/2
ε′F + b

]
(S18)

Then we obtain the H kinetics expression of the temporal evolution of doping in an integrated

form,

pt = − αte

kBT
exp

(
αte
εF,0

kBT

)
S
[
εF,0, εF

]
, (S19)

where the integrationS[εF, εF,0] is given by Eqs. (S17) and (S18) . Note that the expression for

D(εF + ‡E(εF)) is not significant; we have taken the higher energy bandD(εF) = 4|εF(t)|/π(ℏvF)2

in the derivation above, yet the results hardly change if we use the lower energy bandD(εF) =

(2|εF| + γ⊥)/π(ℏvF)2. Even if we assume the DOS of the transition state level is constant:D(εF +
‡E(εF)) = D(εF,0 + ‡E(εF,0)) (temporally invariant) , i.e.,

S
[
εF,0, εF

]
=

1
2
(
εF,0 + ‡E(εF,0)

) [(
−kBT
αte

) {(
±ε′F +

γ⊥
2

)
±

(
kBT
αte

)}
exp

(
−αte

ε′F
kBT

)]
I

, (S20)

where the upper (lower) sign is taken whenI in the higher (lower) regime than the level of the

CNP, andS[εF,0, εF] is obtained byS[εF,0,0]+S[0, εF] when I includes the CNP, as in Eq. (S18).

The results for various way of assignment ofD(εF + ‡E(εF)) are summarized in Table S1.
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If the Fermi level is away from the CNP by more thanγ⊥, the electrons in the higher energy

band also contribute to charge transfer, which would result in the increase of the rate for doping.

Reported values ofγ⊥ vary within 0.2–0.4 eV.12,13 On the other hand, in our study, the largest

|εF| is realized when the sum of the carriers induced by the gate electric field and the adsorbed

oxygen is the largest, i.e., the device applied withVg,ad = −50 V and exposed to oxygen for the

longest time. Even for such case the Fermi energy is, however, in the region of|εF| ≲ 0.19 eV

for γ⊥ = 0.4 eV as shown in Figure 6(c) (H kinetics) in the main part. Therefore we need not

take the contribution of the higher energy band into consideration (note that ifγ⊥ = 0.22 eV is

applied, the range of the Fermi level extends up to|εF| ≲ 0.24 eV and the contribution of the

higher energy band should be included). It is reported14 that highly doped BLG accomplished by

electric double layer shows non-monotonic behavior inσ vs Vg, which is attributed to the effect

of inter-band scattering between the higher energy band and lower energy band. Yet we cannot

find such behavior inσ vs Vg curve ofVg,ad = −50 V, which supports no contribution of the high

energy band to the kinetics of adsorption.

3.2 Gap-opening effect due to asymmetric adsorption

One of the interesting features for BLG is band-gap opening caused by an asymmetrical biasing

between the top and bottom layers. First we derive the DOS of the gapped BLG.13,15 By parame-

terizing the potential asymmetry between layers by the energy differenceV, the energy spectrum

of the biased BLG is given by the well-known Mexican-hat like dispersion:

ε±±F (k,V) = ±

√√√
ς2

k +
γ2
⊥
2
+

V2

4
±

√
γ4
⊥
4
+ (t2⊥ + V2)ς2

k , (S21)

whereςk = ℏvFk. Transforming Eq. (S21), we have an equation with respect toς2
k:

F
(
ς2

k

)
=

(
ς2

k

)2 −
(
V2

2
+ 2ε2F

)
ς2

k +

{
ε4F −

(
γ2
⊥ +

V2

2

)
ε2F +

V4

16
+
γ2
⊥V2

4

}
= 0 (S22)

By considering the condition for Eq. (S22) to have the positive solution, we can classify the

energy region as follows:
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Figure.S1 (a) Spectrum of the gapped BLG plotted with respect toςk (= ℏvFk), calculated in

the case ofV = 0.3 eV andγ⊥ = 0.4 eV. (b) Cross section of thek-space orbit at the energyεF

for Region II–IV. The arrows denotes the radius. The blue region for Region IV represents the

Fermi surface of the high energy band. (c) DOS of the gapped BLG (black solid line) and of

the gapless BLG (red dashed line).

Region (I): in the band gapfor

|εF| <
γ⊥|V|

2
√
γ2
⊥ + V2

,

where Eq. (S22) has no solutions. The gap width is given byγ⊥|V|/
√
γ2
⊥ + V2.

Region (II): between the bottom and the top of the Mexican hatfor

γ⊥|V|

2
√
γ2
⊥ + V2

≤ |εF| ≤
|V|
2
,

where Eq. (S22) has two positive solutionς2
k = ς

2
a, ς2

b (0 ≤ ς2
a ≤ ς2

b, including

double roots). Cross-section area enclosed by the orbit of energyεF in k- space

(= π2n(εF)) is given by

AII
k =

π

(ℏvF)2
(ς2

b − ς2
a) =

π

(ℏvF)2

√
4(γ2
⊥ + V2)ε2F − γ2

⊥V2 (S23a)
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Region (III): between the top of the Mexican hat and the bottom of the high energy bandfor

|V|
2
< |εF| <

√
4γ2
⊥ + V2

2

where Eq. (S22) has one positive solutionς2
k = ς

2
b. We have

AIII
k =

π

(ℏvF)2
ς2

b =
π

(ℏvF)2
× 1

2

[
V2

2
+ 2ε2F +

√
4(γ2
⊥ + V2)ε2F − γ2

⊥V2

]
(S23b)

Region (IV): in the region where the high energy band participatesfor√
γ2
⊥ +

V2

4
≤ |εF|

where Eq. (S22) has two positive solutionς2
k = ς

2
a, ς2

b (0 ≤ ς2
a < ς

2
b, including

double roots). Note that in this region we give the areaAIV
k by the sum of those of

the high energy band and the low energy band:

AIV
k =

π

(ℏvF)2
ς2

b +
π

(ℏvF)2
ς2

a =
π

(ℏvF)2

(
V2

2
+ 2ε2F

)
(S23c)

In each region we acquire the DOS by calculatingD(εF) = (1/π2) |dA/dεF| as



DI(εF) = 0 (S24a)

DII (εF) =
4|εF|
π(ℏvF)2

γ2
⊥ + V2√

4(γ2
⊥ + V2)ε2F − γ2

⊥V2
(S24b)

DIII (εF) =
2|εF|
π(ℏvF)2

1+ γ2
⊥ + V2√

4(γ2
⊥ + V2)ε2F − γ2

⊥V2

 (S24c)

DIV (εF) =
4|εF|
π(ℏvF)2

(S24d)

Singularities are found on the boundary between the regions.

Next we roughly estimateV for the case of our experiments, in the way as is shown in the

literature.11,13 Let us consider that BLG feels the molecular field by the adsorbed molecules with
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Figure.S2 Electric field gradient due to molecular adsorption and its effect on the time evolu-

tion of adsorption via gap opening. (a) Combination of electric field of the gate electric field

(black arrow) and the molecular field (red arrow) generated by the negative charge on adsorbed

molecules. At the CNP, where charge density of BLG is adjusted to 0 by a positive gate voltage,

the electric field enhances (destructs) each other when molecules adsorb on the top of graphene

(in the interface). (b) Theoretical calculation of the time evolution of the doping, for the gapped

BLG due to the electric field gradient between top and bottom layers. The abrupt change of the

curve occurs when the Fermi level moves across the band gap (inset).

net chargeZenox (Z < 0 in our case of the oxygen adsorption) as well as the gate electric field.

The net electric field differs by whether the molecules adsorb on the top of BLG (top panel of

Figure S2(a)) or in the interface between BLG and the SiO2 substrate (the bottom panel of Fig-

ure S2(a)). In the former case, the gate electric field and the molecular field reinforce each other

and the energy difference between layers is enhanced, whenVg,ad has the opposite sign againstZ.

On the other hand in the latter case,V becomes large whenZ andVg,ad have the same sign. The

chemisorption of oxygen in our electrochemical model corresponds to the latter case (Figure 4(a),

inset), and therefore the band gap becomes the largest on the condition that highly negativeVg,ad

is applied and a large amount of oxygen is adsorbed. However, the Fermi level is far away from

the CNP at that time. To tune the Fermi level to around the CNP, we have to apply a positiveVg,ad

until the doping density by the adsorbed molecules and that by the electric field are balanced so

that the induced charge on graphene is adjusted to zero. Instead,V becomes the smallest since
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the gate electric field and the molecular field destruct each other. Hence we should not catch the

effect of opening band gap to the adsorption kinetics.

If we consider that the molecules adsorb on the top side of graphene opposite to the gate

electrode, a finite gap exists when the Fermi level crosses the CNP. Taking the direction from

the gate electrode to BLG as the positive direction, the gate electric field is given byEg =

cgVg,ad/εε0 and the molecular field is approximately given byEm = −Zenox/εε0, if molecules

adsorb homogeneously at the distance ofd from graphene. Ignoring the screening effect, V =

edC−C(Eg+Em) is obtained with the distance between layers of BLGdC−C = 0.335 nm.16,17Hence

V = 2edC−CcgVg,ad/εε0 is obtained when the Fermi level is tuned to the CNP (i.e.,cgVg = −Zenox).

According to this model, the gap widthγ⊥|V|/(γ2
⊥ + V2)1/2 is 0.116 eV (V = 0.122 eV) at the CNP

whenVg,ad = 40 V is applied. This is large enough to affect the kinetics.

In Figure 2 in the main part, we can find that the experimental results exhibit a small wob-

bles against the theoretical curve acquired by fitting under thegaplesscondition around the CNP

(pointed by the arrow 5) forVg,ad = +40 V. This can be related to the gap-opening effect. By

numerical calculation using Eqs. (S14) and (S24a)–(S24d), we simulate the evolution of hole

doping with the O2 exposure time, for various potential differencesV (Figure S2(b)). For ease

in comparison with the experimental results (Figure 2), we use the parametersαte andp acquired

by fitting to the results ofVg,ad = +40 V under gapless H kinetics model, taking the total doping

density in common irrespective ofV. For V = 0.01 eV, the band gap (the gap width is almost

equal to|V| when |V| ≪ γ⊥) gives only a small effect tonox vs t curve. Yet for largerV, a sig-

nificant deviation from the gapless results is invoked; while the Fermi level is beyond the bottom

of conduction band, the hole doping (or the molecular adsorption) proceeds more rapidly for the

gapped BLG than the gapless BLG. Then the rate for adsorption suddenly decreases at the doping

density ofnox = 2.2 × 1012 cm−2, and after that the rate is even suppressed compared with the

gapless BLG. These behaviors are because of the singularity in DOS near the edges of the band

gap (Figure S1(c)). When the Fermi level is in the conduction band, the DOS at the Fermi energy

for gapped BLG is larger than that of gapless BLG. Thus the downward shift of the Fermi level

accompanied with the oxygen adsorption is suppressed, resulting in enhancing the electron trans-

fer, especially at the proximity of the bottom of the conduction band. When all the electrons are

drained from the conduction band, the charge transfer has to be brought about by the electrons in

the valence band; then an abrupt increase as large as∼ αteV occurs in the activation energy for
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the charge transfer. Once the Fermi level moves into the valence band, the DOS of the gapped

BLG is larger than that of the gapless BLG similarly to the conduction band. Hence the difference

of the doping density between the gapped and the gapless BLG decreases with time. Note that

in the actual adsorption,V should vary with increasing amount of the adsorption because of the

temporal change of the molecular field. Therefore the time evolution of the doping is likely to

deviate from the estimation shown in Figure S2(b), though the behavior around the CNP will not

change substantially.
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