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Abstract: Promoting the application potential of graphenes in biomolecule adsorption and detection is of great
significance in the field of nanobiotechnology. In this paper, the density functional theory calculation was used to
study the adsorption and sensing of L-cysteine on graphene-based compounds, single-vacancy and double-vacancy
graphenes (XSV and XDV) doped with 3p-bolck elements (Al, Si, P, and S). Along with the dopant changing from Al
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decreasing exothermical chemisorption to endothermical physisorption. L-cysteine adsorption on XDV is weaker than
corresponding adsorption on XSV. Valence electron number, and atomic ionization potential, modulated by the 3p-
block dopant, and X-C interaction, modulated by the vacancy type, contribute to adsorption mechanism of L-cysteine
on XGs. The study could facilitate applications of Al, Si, P and S doped graphenes in biosensing technology,

biomolecule immobilization, bioseparation and other fields.
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1. Introduction

Nanotechnology is a science and technology that
studies the motion laws and interactions of material
composition systems with sizes ranging from 0.1 to
100 nm, as well as the technical issues in possible
practical applications. Compared with traditional
sensors, the performance of nano-sensors has been
greatly reduced in size and accuracy. More
importantly, the use of nano-technology to make
sensors is on the atomic scale, which greatly enriches
the theory of sensors and promotes the sensors. The
production level has broadened the application field
of the sensor.

Graphene and its derivatives are promising
materials in recent years, owing to their unique
combination of crystallographic and electronic
structures and facile modifications of the flexible
structure [1-6]. Fascinating application potentials of
graphene and its derivatives in biosensing [7], drug
delivery [8], biocatalysis [9], enzyme engineering
[10]

Especially in the field of biosensing, Al, Si, P and S

etc., have been exploited and uncovered.

doped graphenes might act as a good sensor platform
for L-cysteine.

Among all the graphene-related materials, Al, Si,
P and S doped graphenes have been studied by many
research efforts [11-13], accompanied with
interesting findings. It has been demonstrated that
Al-S doped graphenes could exhibit promising
optoelectronic device applications [14-17], effective
molecular adsorption of H, [18, 19], H,O [20], CH,O
[21], effective ion adsorption for As (III) removal

[22] as well as enhanced molecular catalysis of CO

[23], NO [24], O, [25-27], N,O [28, 29], H, [30] etc.
However, exploration of Al-S doped graphenes in
biomolecular applications is relatively rare [31, 32].
On another hand, as revealed by previous studies
[33-37], both the dopant and the vacancy could show
significant modulation on geometrical and electronic
features of the doped graphenes. Thus vacancy
effects are also investigated in our research. To
ensure that the results in the study are comparable
with our previous findings [32, 38], L-cysteine (L-
cys) is the probe amino acid.

In the present work, adsorption of L-cys on the
single-vacancy and double-vacancy graphenes doped
with the 3p-block elements (Al, Si, P and S) was
investigated by using dispersion corrected density
functional theory calculations. The modulation of the
3p-block dopant type and the vacancy type on
adsorption interactions, adsorption mechanism and
sensitivity of the graphenic supports towards L-cys is
uncovered. Our results could provide atomic-scale
insights

to facilitate graphenes application in

nanobiotechnological and biosensing fields.
2. Modelling and calculation details
2.1. Models building

Substituting a C atom by an X (X=Al, Si, P or
S) dopant at the centre of the pristine graphene
6x6x1 supercell, corresponding X doped single-
(XSV) was
Substituting two C atoms by an X (X=Al, Si, P

vacancy graphene constructed.
or S) dopant at the centre of the pristine graphene
supercell, corresponding X doped double-

vacancy graphene (XDV) was constructed.



Relaxed structures of XSV and XDV (X=AI-S)

were obtained through DMol® geometrical
optimization.

Three  kinds of  upright adsorption
configurations of L-cys/XGs (X=AlI-S), through

the unprotonated S-end, O-end or N-end
functional group, were constructed. L-cys was
placed directly on top of the dopant in XGs
(X=AlI-S) through the linking atom (S, O (O in

OH) or N) at an initial distance of 3 A. The

upright adsorption configuration could facilitate
polymerization through the free amino or
carbonxyl group or incorporation of metal ions
through the other two free functional groups [39-
41]. The S-, O- and N-end L-cys/graphene
adducts were marked as S-, O-, N-XSV and S-,
O-, N-XDV for XSV and XDV, respectively.
Stable adsorption configurations were achieved

through full relaxation.
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Figure 1 Schematic illustration of the L-cys molecule (a), and initial adsorption configurations of the S-end (b), O-

end (c¢) and N-end (d) L-cys on XGs (X=AI-S).

2.2. Calculation parameters

Structural  optimizations and electronic
structure calculations were conducted by using
the DMol® module in Materials Studio [42], as in
our previous research [32, 38, 43]. The PBE of
GGA functional was wused for exchange-
correlation effects. To include van der Waals
interactions, standard parameter set of Grimme
correction [44] were introduced to include van
der Waals interactions. The dual-valued base
set enhanced by the polarization function (DNP)
is used as the base set. The DFT half-core
pseudo-potential (DSPP) core processing was
implemented. The convergence tolerances for

geometrical optimization are 1.0 x 10 Hartree

on energy, 1.0 x 107 A"! Hartree on gradient and
1.0 x 10°A on displacement, respectively. The
convergence criterion for self-consistent field

(SCF) cycles is 1.0 x 10° e A,
2.3. Binding energy

To evaluate the stability of graphenic supports
for L-cys docking, the binding energies (£,) and
the formation energies (£, of XSVs and XDVs

were calculated [27] as follows.

E,=Ey,, —Ex—Eg,

(1

E =E

, ~E,~E

XDV X DV

(2)
where Eysy and Expy represent the total energy of

the optimized XSV and XDV, Ey the total energy



of an isolated X dopant, Esy and Epy the total
energy of the reconstructed single-vacancy and
double-vacancy graphene, respectively. The
more negative value of FE, indicates more
structural stability and larger binding strength

[45].

E,=E vy xpv —Ec—Hytni 3)
where Exsyxpr and Eg are the total energies of the Al,
Si, P and S doped graphene and the intrinsic
graphene, respectively, while ux and uc are  the
chemical potentials of the substitutional and of the
substituted host C atom, respectively. The chemical
potentials are calculated with respect to the bulk
crystal reference levels.

With respect to adsorption stability of L-cys
on XG systems, the adsorption energy E,.; was

calculated [46, 47] as

E  =E +1/2E, ,—E, —E

XG L—cys

4

where E,, represents the total energy of the
optimized L-cys/XG adduct, Ex¢ the total energy
of XG, E| ., the total energy of an isolated L-cys
molecule, and E}, the total energy of a hydrogen
molecule, respectively. Unprotonated L-cys is
not the most stable species in the gas phase. It is
assumed that the hydrogen atoms dissociated
from L-cys form molecules. Thus the total
energy Ey» of the gas-phase H, molecule [46, 47]
was considered. The more negative value of E
means a favourable

more adsorption

configuration.

3. Results and discussion

3.1. Basic properties of XGs (X=AI-S)

Figure 2 Schematic illustration of optimized XSVs
(X=AlI-S): side view (a), top view (b) and optimized XDVs:
side view (c), top view (d). /# denotes elevation of the X
dopant, relative to average height of graphenic carbon

atoms.

Typical relaxed configurations of the 3p-block
elements doped XSVs (X=AI-S) are shown in Figure
2 (a, b). The E, values (Figure 3(a)) distribute in the
range of -10 ~ -5 eV, indicating strong doping
ability. Along with the dopant changing from Al to
S, a non-monotonic change behaviour appears. The
largest binding strength among them is found for
SiSV, attributed to saturation of four wvalence
electrons (Si: 3s?3p?). Three valence electrons go
into the covalent Si-C o bonds, and the fourth
replaces the m electron of the missing carbon atom
[34]. For all XSVs, the X dopant is displaced to a
distance outwards (Figure 2(a)) from the graphenic
surface due to a larger atomic radius relative to
carbon. The elevation / of the dopants is exhibited in
Figure 3(b). Surrounding carbon atoms are also
distracted outwards, thus facilitating formation of
three equivalent X-carbon (X-C) bonds [48]. The
average X-C bond lengths (Figure 3(c)) are all below

the sum of covalent radii [49] of the corresponding X



dopant and C, in consistence with strong doping
strengths.

For XDVs, the E, values distribute in the range of
-9 ~ -5 eV, indicating good structural stability. From
Al to S, a non-monotonic change behaviour occurs.
SiDV exhibits the largest doping ability, with four
valences saturated [34]. All XDVs (X=AI-S) exhibit
a “cross” configuration (Figure 2(d)), with the
dopant equivalently bonded to neighbouring four
carbon atoms. The Al dopant is obviously elevated,
while Si, P and S dopants almost remain in the
graphenic plane (Figure 3 (b)). For all 3p-block
dopants, the X-C bonding length is larger than the
sum of covalent radii of X and C (Figure 3(c)).
Comparison of the E, values and X-C bonding
lengths of XSVs and XDVs shows that the
introduction of bigger vacancies leads to more
separation between the 3p-block dopants (X=AI-S)
and neighbouring carbon atoms, and thus less X-C
interactions are accompanied [33].

Compared to the cohesive energies of the Al, Si, P
or S bulk crystal [50], the binding energies are more
negative. This shows that the AL Si, P or S atom
could be stably trapped into graphene without
clustering. When vacancy formation is considered,
the calculated formation energies are in the range of
249 ~ 444 eV. The large formation energies
indicate intrinsic graphene is much stable, and the
formation of Al, Si, P or S doped graphenes is
endothermic. For single vacancy formation, the
formation energy is 7.7 eV [51], showing that Al, Si,
P or S-doping could occur easily than C-vacancy
the stable

formation in lattice of graphene.

Regarding fabrication of Al, Si, P or S doped

graphenes, the two-step route could be considered
[52]. Firstly, under He" ion beam bombardment, high
density monovacancies are created. Secondly, a

short-time sputtering is followed.
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Table 1

Cohesive energies (E.), binding energies (AE,) and
formation energies (£) of Al, Si, P and S doped

graphenes.
XSV E(eV) AEy(eV) EfeV)
AISV -3.39 -6.26 4.17
SiSV -4.63 -9.97 2.65
PSV -3.43 -8.67 2.49
SSv -2.65 -8.36 2.66
XDV E.(eV) AE,(eV) EfeV)
AIDV -3.39 -5.73 4.44
SiDV -4.63 -8.71 3.66
PDV -3.43 -7.39 3.50
SDV -2.65 -7.00 3.75




3.2. Adsorption stability of the L-cys/XG adducts

3.2.1. Adsorption stability of the L-cys/XSV adducts

For L-cys/XSVs, the E 4 values (Figure 4) exhibit
a transition from negative to positive values with the
X dopant changing from Al to S. AISV, SiSV and
PSV show exothermic adsorption towards L-cys,
regardless of the end type. Large electron transfer in
charge difference density distribution (Figure 5(a-c))
further indicates the existence of stable exothermic
chemisorptions. SSV shows endothermic adsorption
towards the S-end L-cys (0.34 eV), O-end L-cys
(0.46 eV) and N-end L-cys (1.24 eV). Although E
values are larger than zero, large electron transfer in
charge difference density distribution (Figure 5(d)
and Figure S1) suggests SSV exhibits endothermic

chemisorptions towards L-cys.
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Figure 4 E,, of L-cys/XSVs and L-cys/XDVs with
different end-types of L-cys adsorbed.
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Figure 5 Charge density difference graphs of the most stable
adsorptions on XSVs: (a) O-AISV, (b) S-SiSV, (c¢) S-PSV,

(d) S-SSV.
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Figure 6 (a) The elevation /# of the X dopant and (b) the
average X-C bonding length in XSVs. Lcoyindicates the sum
of the covalent radii of X and C.
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Figure 7 Typical adsorption geometries of L-cys on
XGs to illustrate the one-site S-end linking (a), two-site
O-end linking (b), one-site O-end linking (c) and one-
site N-end linking (d).



The XSV (X=AI-S) substrate can withstand strain

relaxation, thereby contributing to adsorption
stability (Figure 6). For different 3p-block dopants,
the position of the dopant (Figure 6(a)) and adjacent
carbon atoms changed significantly, and the average
X-C bond length also changed (Figure 6(b)).
Concerning L-cys/AISV and L-cys/SiSV, Al and Si
[43], the

corresponding average X-C length is elongated to

dopants are further elevated and

approach the sum of the covalent radii. In L-cys/PSV

adducts, the P dopant is pushed downwards towards
the graphenic plane and the P-C bond is shortened to
much less than the sum of the covalent radii. For L-
cys/SSV, the position of the S dopant and the X-C
bonding length are almost unchanged, in consistence
with weak adsorption. As for L-cys, most of the
bond lengths and bond angles remain almost
unchanged after adsorption. The angles related to

adsorbed functional groups are greatly changed.
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Figure 8 The G-L bonding length through the (a) S-, (b) O- and (c) N-end docking. L ’cor indicates the sum of the

covalent radii of X and the linking atom in L-cys.

One-site S-end chemisorption appears for all S-
XSV adducts, with formation of the covalent X-S
bond (Figure 7(a)), the -COOH and -NH, groups free
extending outwards. Regarding O-end adduction,
AISV shows bi-O (binding through O in OH and O
in O=) adsorption (Figure 7(b)), with two equal Al-O
bonds (2.00 A). A large steric hindrance, arising
from the two Al-O bonds, exists to keep the upright
adsorption configuration robust. Differently, Si, P
and S doped single vacancy graphenes favour a
mono-O adsorption mode (Figure7(c)), with
chemical bonding through O in OH. Regarding the
N-end addition, all XSVs have a single point of
adsorption through the formation of X-N covalent
-COOH and -SH extend freely outward

(Figure 7(d)). For any three adducts, the bonding

bonds, and

distance between L-cys and graphene substrate (G-
L) decreases monotonically from AISV to PSV, and
increases dramatically for SSV (Figure 8(a-c)).

3.2.2. Adsorption stability of the L-cys/XDV adducts

With respect to L-cys docking on XDVs, the E,4
values (Figure 4) also show an interesting transition
from negative to positive values along with the 3p-
block dopant changing from Al to S. For L-cys
docking on XDV (X=Al, Si), all related E,,; values
are less than zero, showing exothermic adsorption
towards the three kinds of L-cys radicals. Large
electron transfer in charge difference density
9(a-b)) the

existence of stable exothermic chemisorptions.

distribution  (Figure indicates

PDV shows exothermic chemisorption (Figure 9(c))

8



towards the N-end L-cys (-0.41 eV) and endothermic
chemi-sorptions (Figure S2) towards the O-end (0.04
eV) and S-end (0.04 eV) L-cys. SDV shows
endothermic physisorption towards all the three
kinds of L-cys radicals, accompanied with no
overlap in charge difference density distribution
(Figure 9(d)). X (X=AI-P) doped double-vacancy
graphenes show good reactivity, while SDV shows
inert reactivity towards L-cys. The findings would
provide a meaningful theoretical reference in
practical applications about selecting appropriate

dopants for physisorption or chemisorption towards

adsorbates.
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Figure 9 Charge density difference graphs of the most stable
adsorption on XDVs: (a) S-AIDV, (b) S-SiDV, (c¢) N-PDV,
(d) S-SDV.
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Figure 10 (a) The elevation 4 of the 3p-block dopant (X)
and (b) the average X-C bonding length in XDVs. Lcor

indicates the sum of the covalent radii of X and C.

The graphenic substrates of XDVs also undergo

geometrical distortions to facilitate L-cys adsorption.

From Al to P, the 3p-block dopants are obviously
elevated (Figure 10(a)), with neighbouring carbon
atoms largely protruded out by L-cys. This leads to
longer X-C bonding length (Figure 10(b)) and much
weaker X-C bonding strength. For SDV, S is mildly
excluded by L-cys, with the movement of /4 in an
opposite direction. The S-C bonding length is
unchanged. For all adsystems on XDVs (X=AI-S),
no obvious structural changes appear in L-cys.

For the S-end, O-end and N-end adductions, all L-
cys/XDV adsystems show one-site docking, with a
single X-S, X-O (O in OH) and X-N binding (Figure
7(a)). The bonding distance between L-cys and the
graphenic substrate (G-L) monotonously decreases
from AIDV to PDV, then increases dramatically for
SDV (Figure 8(a-c)), regardless of the docking end

type.

3.2.3. Site-specific adsorption phenomena

Herein, site-specific chemisorption (Table 2)
is revealed by analysis of the most stable
adsorption configurations. In the case of single-
vacancy graphenes, the S-terminal L-cys docking
on Si-S doped graphenes is stronger than the
-COOH or -NH; but the O-end L-cys exhibits the
most on Al doped Good adsorption stability.
Single vacancy graphene. In the case of double-
vacancy graphene, the S-terminal L-cys docking
on Al, Si and S doped graphenes is stronger than
-COOH or -NH,,
performs best on P stability. That is to say, for

while the N-end L-cys

SiG and SG, regardless of the type of vacancy,
the S-end immobilization showed the strongest

affinity. For A1G and PG, the adsorption affinity

9



is easily affected by the vacancy. Therefore, site-

specific chemisorptions could be achieved
through modification of the kind of the 3p-block

dopant and the vacancy in the graphene support.
Table 2

The most stable adsorptions on XGs (X=AI-S).

Al Si P S
XSV 0 S S S
XDV S S N S

3.2.4. Adsorption mechanism analysis

The adsorption mechanism could be understood
from the following aspects: (i) the 3p-block dopants,
which possess different numbers of outer-shell 3p
electrons and different ionization potentials; (ii) the

vacancy which contribute different X-C

types,
interactions between the 3p-block dopant and
neighbouring carbon atoms.

It was proposed in our previous research [38] that
V (3d’4s?), owing five valence electrons, doped
graphenes exhibits the most stable adsorptions
among all the 3d transition metal doped graphenes,
regardless of the vacancy type. This is attributed to
saturation of valence electrons (Figure 11(a, b)).
Differently, in this study, P (3s*3p’), owing five
valence electrons, doped graphenes exhibit weaker
adsorption stability relative to Al and Si doped
graphenes, even with the occurrence of endothermic
adsorptions. This is due to the influence of atomic
ionization potential, which represents atoms losing
electron ability. As shown in Figure 11(c, d), the

dopants lose electron to facilitate L-cys adsorption.

From Al to S, atomic ionization potential (Table 3)
exhibits a monotonically increasing tendency, thus
the ability of
decreases. For PSV and PDV, the influence of high

losing electron monotonically
ionization potential exceeds the influence of valence

electron saturation, thus exhibiting weaker
adsorption strength towards L-cys, compared to AlG
and SiG. Owing to valence electron abundance [38]
and high ionization potential, SSV

and SDV exhibits

exhibits
endothermic chemisorptions

physisorption towards L-cys.
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Figure 11 Schematic of the ideal electronic structure of L-
cys/PSV (a) and L-cys/PDV (b) complexes. Charge of the
dopant X in (¢) XSVs, L-cys/XSVs and (d) XDVs,
L-cys/XDVs (X=Al Si, P, S). In (a) and (b), the number
“1/3” symbolically represents ligand contribution to the
approximate m bond, because one © electron is shared among
three  bonds.

The role of vacancy is deduced from weaker
adsorption on Al-S doped double-vacancy graphenes
than single-vacancy graphenes, regardless of the
docking end group. In doped double-vacancy

graphenes, the longer X-C bonding lengths (Figure

10



S3) lead to weaker X-C interactions, thus less
contribution of neighbouring carbon atoms towards
L-cys adsorption.

Compared to our previous finding [38], it is noted
that a new atomic indicator, ionization potential, play
an important role in influencing L-cys adsorption.
The finding here will provide a good reference

standard for choosing appropriate graphenic supports

for amino acids adsorption.

Table 3
Ionization potentials [44] of the 3p-block elements.

Ionization potential/

kJ mol!
A
577.6
1
Si 786.4
P 1011.7
S 999.6

3.3. Sensor sensitivity analysis

In order to evaluate the sensitivity of doped

graphenes, we calculated the sensor sensitivity of Al,

Si, P , S doped single vacancy and double vacancy
graphenes towards -SH, -NH, and -COOH L-cys,
respectively (Figure 12). We compared the sensor
sensitivities of single vacant graphene doped with
Al Si, P, and S (Figure 12 (a)), and found that the
sensitivity of the sensor adsorbed by -SH, -NH,, and
-COOH in the single element doped by Si is inene
close to each other, the sensitivity is about 300%,
and the same pattern is found in the P element. The
sensitivity of the sensor is about 70%. The Al-doped

single-vacancy graphene has the highest sensitivity

at the -NH, terminal, which is 14.32%. The
adsorption sensitivity of -COOH in S-doped single
vacancy graphene is significantly higher than that of
-SH and -NH,. The highest sensitivity of doped
single-vacancy graphene is 305.86%, and the lowest
sensitivity is 1.05%. By comparing the sensitivity of
the L-cys sensor adsorbed by four elements in XDV
(Figure 12 (b)), it was found that the sensitivity of O-
AIDV and O-SDV sensors is higher than that of S-
AIDV, N-AIDV and S-AIDV, N-AIDV However, in
the sensor sensitivity of Si, P-doped graphene, O-
SiDV and O-PDV are lower than S-SiDV, N-SiDV
and S-PDV, N-PDV. The highest sensitivity of
doped double-vacancy graphene is 263.88%, while

the lowest is 15.50%.

350% 300%

XSV (a) XDV (b)
300% 250%
250%
200%
200%
G s 150% S
100% R o

N
50% I 50% J L
0% —— 0%

Alsv SisV PSV SSV AlIDV  SiDV  PDV DV
350% 300%

300% 250%
250%  Alsv 200%
200%
m Sisv 150%
150%
100%
100% mSsV
50% 50% J
0% 0%

XDV

= AlDV
m SiDV

mSsDV

Figure 12 The sensitivity of XSV and XDV to L-cys sensor:
(a) Sensitivity of Al-S doped single vacancy graphene, (b)
Sensor sensitivity of Al-S doped double vacancy graphene,
(c) Sensor sensitivity of -SH, -NH, and -COOH L-cys
(d) Sensor
sensitivity of -SH, -NH, and -COOH L-cys adsorption on

adsorption on single vacancy graphene,

double vacancy graphene.

The sensitivity of AISV, SiSV, PSV, and SSV
adsorbed at the -SH, -NH,, and -COOH ends of L-

11



cys was compared (Figure 12 (¢)). It was found that
the sensitivity of SiSV was significantly higher than
that of AISV, PSV, and SSV, and the sensitivity of
adsorption on -COOH terminal was as high as
305.86%. AISV has the lowest sensitivity, especially
adsorbed on the -SH end. By comparing the
adsorption sensitivities of L-cys -SH terminal, -NH,
terminal and -COOH terminal on double-vacancy
graphene (Figure 12 (d)), it was found that S element
adsorbed on the -SH terminal, -NH, terminal and -
COOH sensor The sensitivity is significantly higher
than the sensitivity of the other three elements at the
-SH, -NH, and -COOH, and the highest sensitivity
reaches 263.88%.

4. Conclusions

The present study investigates modulation of
the 3p-block dopant type and the vacancy type
on the interactions between L-cys and Al-S
doped graphenes using the DFT-D approach.
This work could provide atomic-scale insights

into applications of Al-S doped graphenes in

biosensing, biomolecules immobilization,
magnetic bio-separation and other
bionanotechnological fields. The main

conclusions are summarized as follows:
(1) The (Al-S)
different

3p-block dopant exhibit

reactivity modulation, leading to

exothermical chemisorptions, endo-thermical

chemisorptions and endo-thermical

physisorptions of the graphenic support towards
L-cys. Meanwhile, site-specific adsorption
towards L-cys is obtained. Preference to docking

through the S-end L-cys appears for most doped

graphenes. AISV and PDV show the strongest
affinity towards the O-end and N-end L-cys,
respectively.

(i1) Along with the 3p-block dopant chaning
from Al to S, nearly decreasing variation
tendency in adsorption energies occurs for L-cys
adduction on XSVs and XDVs. L-cys adsorption
on XDVs is weaker than corresponding
adsorption on XSVs.

(111) Adsorption mechanism analysis reveals
that atomic indicators, including the wvalence
electron number and ionization potential, and the
vacancy type together play important roles in L-
cys adsorption stability.

(iv) The sensor element Si doped with
single-vacancy graphene is superior to the other
three elements, while the sensor element S doped
with double-vacancy graphene is superior to the
other three elements.

On the basis of the aforementioned conclusions,
specific applications of the 3p-block dopant (Al-S)
doped graphenes could be expected. AIG and SiG
could act as a good immobilization platform toward
L-cysteine. P and S doped graphenes might act as a
good sensor platform for L-cysteine. Through tuning
the dopant and the vacancy type in doped graphene,
site-specific immobilization could be realized. PDV
could work in N-end

specific adsorption

applications.
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