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ARTICLE INFO ABSTRACT

Keywords: Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive and selective technique. It greatly enhances
Graphene the signal of an analyte compared to classical Raman spectroscopy, due to analyte-substrate interactions. A
SERAS_ ) promising substrate for SERS is boron-doped graphene (B-graphene). At low boron concentrations of ~1.39
Ab initio at.%, it has been shown to enhance the Raman signal of simple organic molecules such as pyridine. The
zngse potential use of high-concentration B-graphene materials for SERS remains unexplored. Therefore, in our

study, we investigate the influence of dopant concentration and relative adsorbate/substrate geometry on the
effectiveness of B-graphene as a SERS substrate, with glucose as the analyte. We perform Density Functional
Theory simulations using the PBE functional and the DFT-D2 van der Waals correction. By combining
analysis of interatomic force constants and phonon eigenvector composition, we conclude that higher doping
concentrations provide a larger enhancement to the Raman signal of glucose, while the molecule’s orientation
relative to the surface plays a fundamental role in the Raman response. We suggest that 12.5 at.% B-graphene
represents a potential substrate for SERS-based detection of glucose. Additionally, the phonon-based analysis

can be promptly applied in the search for promising substrate materials for enhanced Raman response.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive
and selective technique; it greatly enhances the signal of an analyte,
compared to classical Raman spectroscopy, due to analyte-substrate
interactions [1]. A potential application of SERS is the development
of novel chemical sensors; a relevant example is the ongoing research
into SERS-based glucose sensors [2] for testing patients with diabetes.
Compared to typical electrochemical sensors, SERS-based sensors could
be used to measure glucose levels from much smaller blood volumes [3]
or different bodily fluids, like sweat or the interstitial fluid of skin, with
the advantage of being less invasive than current devices.

The most commonly used SERS substrates are noble metals, as
they usually provide the largest Raman signal enhancement; however,
they have drawbacks such as poor glucose adsorption on bare sur-
faces [4], high cost, adverse metal-adsorbate interactions, catalytic
and photobleaching effects [1]. Significant effort has been put into the
research of alternative substrates, especially 2D nanomaterials such as
graphene [5], transition metal dichalcogenide monolayers, and Janus
structures [1]. Advantages of graphene-based substrates over other 2D
materials include their ability to suppress fluorescence [1], simpler
atomic structure to synthesize compared to more complex layered
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materials like transition metal dichalcogenides [6] or MXenes [7], and
easy adaptation to several kind of adsorbates [8,9].

In this study, we examine B-graphene as a substrate for glucose
detection using quantum mechanical simulations and phonon decompo-
sition analysis. The ideal dopant species and concentration to optimize
graphene (or composite materials that include graphene) for a specific
application are common topics of interest [10-14]. We aim to build
upon this body of research and find doped-graphene materials better
suited for application in SERS-based sensing. B-graphene has been
shown to enhance the Raman signal of a simple analyte like pyridine
by a factor of 103 to 10* [15,16]; such enhancement is significantly
greater than that provided by graphene, which ranges from 2 to 17 [1].
However, these studies have only considered low doping concentrations
and non-periodic boundary conditions.

We would like here to stress two aspects concerning the choice of
our models. Previous studies have investigated the extent to which
graphene can be doped with various atomic species. Researchers uti-
lized different approaches such as the synthetic growth concept (SGC)
[17], MD simulations exploring thermodynamic stability [18] or atom
intercalation in truncated fullerene-like systems [19]. The recent article
by Chaban et al. [18] suggests that B-graphene can remain thermody-
namically stable when doped with significantly higher concentrations
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Fig. 1. Initial geometries of the studied systems (a) gLowBG, glucose on ~1.39 at.% B-graphene, (b) gHighBG, glucose on 12.5 at.% B-graphene. Brown spheres
represent carbon atoms, while red, white and green spheres represent oxygen, hydrogen, and boron atoms, respectively.

of boron than previously observed. Their claims are supported by
current experimental research from Bhushan et al. [20], who have
successfully produced a sample of ~19 at.% concentration B-graphene.
The “1B” configuration from the work by Chaban et al. has the sec-
ond highest electric dipole moment. Unlike the configuration with
the highest dipole moment, it remains thermodynamically stable at
the simulated temperatures of 300, 500, and 1000 K. We choose to
specifically study this “1B” configuration, hereafter referred to as the
12.5 at.% B-graphene configuration, because a large electric dipole
moment generally contributes to a higher SERS enhancement [1]. High-
concentration B-graphene materials have not yet been explored as
potential SERS substrates, and as such, they warrant further investi-
gation. Another aspect of our models is the use of periodic boundary
conditions. Finite-size geometries in the computational model may
introduce severe approximations resulting in poor estimations of the
substrate response. When the adsorbate is mostly located far from the
boundaries of the substrate, the latter should be modeled as a periodic
structure and not as a flake; this is the usual case in experiments, as the
spatial extension of the adsorbate is much smaller than typical sizes of
graphene substrates [21]. In addition, when graphene flakes are used
as a geometric model, the flakes are usually terminated with hydrogen
atoms for stability [16,22-25], which introduces fictitious interactions
not present in the real system. Lastly, to the best of our knowledge, no
computational study on interactions between glucose and B-graphene
exists.

For these reasons, the goal of the present work is to explore the
effects of different concentrations of boron in B-graphene on the en-
hancement of the Raman signal of glucose. We are aware of the fact
that introduction of dopant atoms into graphene might generate sev-
eral defects; most common examples include the generation of carbon
vacancies or Stone-Wales defects [26-28]. However, simulation of
defects formation requires extensive calculations, they then constitute
the subject of a study per se, while the focus of the present work
is to investigate how the dopant concentration specifically affects the
Raman enhancement of the adsorbate signal. We show that 12.5 at.%
concentration B-graphene provides a large enhancement to the Raman
signal and, as such, it might be better suited as a SERS substrate
for glucose sensing. We also discuss how the relative orientation of
the molecule with respect to the surface affects the Raman response.
Our phonon-based analysis is general and can be promptly applied to
the prediction and characterization of Raman signals in the presence
of substrates, regardless of the chemical composition of analyte and
substrate.

2. Computational details

We select g-glucose as analyte, as it is the most prominent anomer
in aqueous solutions (e.g. blood) [29]; the reference atomic geometry is
the conformer *C; [30]. The graphene layer is placed in the (a, b) plane
of the unit cell, with the c lattice vector orthogonal to the plane and

Table 1

Structural comparison among the gG structures relaxed by using different
vdW corrections. The RDF dot product is calculated between the gG reference
system and the same relaxed with different vdW correction; by definition, this
amounts to 1 in the “DFT-D2” column, as the structure is compared with itself.
The “oxygen-substrate distance” [108] is the distance measured between the
oxygen in the hydroxymethyl group and its closest atom in the substrate.

vdW correction DFT-D2 DFT-D3 rvv1o optB88-vdW
RDF dot product 1.000 0.997 0.997 0.997
Oxygen-substrate distance 3.140 3.228 3.135 3.123

length set to 50 A, providing a vacuum slab large enough to avoid any
interactions between replicas arising from the periodic treatment of the
unit cell. The substrate is modeled by a 6 x 6 x 1 graphene supercell,
on top of which we place the glucose molecule with its hydroxymethyl
(i.e. CH,OH) group pointing towards the substrate. This is our reference
system, which we name gG (glucose on Graphene). We then modify the
gG system by substituting carbon atoms of the graphene layer with 1
and 9 boron atoms, thus creating the gLowBG and gHighBG systems,
respectively, the latter consistent with the reported stable geometry
[18] (Fig. 1).

The graphene layer in gLowBG and gHighBG systems has a boron
concentration of ~ 1.39 at.% and 12.5 at.%, respectively.

We perform ab initio calculations within the density functional
theory (DFT) framework, as implemented in the vasp software [31].
We use the Perdew—Burke-Ernzerhof energy functional [32] together
with the vdW-DFT-D2 van der Waals correction [33], as suggested by
previous studies [34,35]. To test our choice of vdW correction against
DFT-D3 [36] and nonlocal vdW functionals rVV10 [37] and optB88-
vdW [38], we perform additional simulations. Specifically, we relax
the gG structure using each option. We compare the relaxed structures
to our reference (gG relaxed with the PBE functional and DFT-D2
correction) by computing their radial distribution functions (RDFs) dot
products for each possible atomic pair. The RDFs dot products compare
all the interatomic distances between all atoms of two structures; we
calculate it using the maise software package [39]. A value of 1 then
means a perfect match and values close to 1 indicate that two structures
are very similar. This analysis shows that the resulting geometries are
nearly identical (Table 1), with the RDF dot products being always
at least 0.997. Additionally, the distance of the oxygen in the glucose
hydroxymethyl group from the closest atom in the substrate does not
differ from our reference by more than 0.1 A in any of the structures
relaxed with different vdW corrections. According to these findings, we
do not expect significant differences in our results if we use any of the
tested vdW corrections.

Based on our benchmarks, we set the energy cutoff of the plane-
wave basis set to 520 eV and the convergence criterion for the elec-
tronic self-consistent field procedure to 10~8 eV, while the reciprocal
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Table 2

Charge transfer [number of electrons] on the glucose molecule in each system;
positive numbers indicate acquisition of electrons of the glucose molecule from
the substrate.

System gG
Charge difference 0.14 0.14 0.12 0.13 0.14

gLowBG gHighBG gLowBGF gHighBGF

space sampling is performed with a maximum of 7 x 7 x 1 Monkhorst-
Pack mesh [40]. In all systems including a glucose molecule adsorbed
on top of the substrate, the length of the lattice parameters a and b
correspond to a 6 x 6 x 1 supercell of the primitive graphene cell.
Geometric optimization of the pristine graphene model is performed
by varying atomic positions together with lattice parameters a and b,
while keeping the ¢ lattice vector fixed. For all the other models only
atomic positions are relaxed while the lattice parameters are held fixed;
we make this choice because we assume that the substrate is adhered
on a rigid surface for practical applications.

All the model geometries are relaxed until force components on
the atoms are less than 10~3 eV/A. The geometry of the optimized
structures is reported in the Supporting Information. Second-order force
constants are calculated by means of Density Functional Perturbation
Theory, and postprocessed with the aid of the pHonopy [41] software.
Raman spectra are evaluated by computing high frequency dielectric
tensors at atomic geometries displaced along the Raman active phonon
modes as reported in Ref. [42] with the aid of the pHONOPY-SPECTROSCOPY
processing tool.

3. Results and discussion
3.1. Geometry optimization

We provide the POSCAR files of relaxed geometries for all studied
glucose/substrate systems in the Supplementary Material, section I.

In the relaxed gG system (Fig. 2), the binding distance of 3.140 A
between the oxygen of the glucose hydroxymethyl group and its closest
substrate atom agrees with previous studies of glucose adsorption on
graphene [43]. A similar bond length of 3.116 A is realized in the
gLowBG case. However, in the gHighBG system, glucose bonds with
the substrate at a much shorter distance of 1.684 A.

Our charge analysis shows only a small transfer of charge from
the substrate to the glucose molecule in all systems (Table 2). We
perform it by first taking the relaxed geometry of each system, fix-
ing the atoms and calculating the electronic density. We then create
two additional systems from each geometry by removing either the
substrate or the glucose molecule and again calculate the electronic
density without relaxing the atomic positions. In this way, the re-
sulting charge difference originates only from the glucose/substrate
interactions, not from the movement of the atoms due to the relaxation
process. To assign charge to specific atoms, we utilize the Bader charge
analysis [44]. The reported charge difference is then calculated as the
total number of electrons of all atoms belonging to glucose in the
glucose-on-substrate system minus the total number of electrons of the
corresponding lone-glucose system.

In the gHighBG case, we observe that positive charge difference
is mainly located in the region between the oxygen of the glucose
hydroxymethyl group oxygen and the closest boron atom in the sub-
strate, while negative charge difference is mainly found in the inner
region of the molecule and close to the same boron atom (yellow
and blue isosurfaces in Fig. 3, respectively). This indicates that once
the glucose molecule and the substrate interacts, a shift of charge
occurs from the substrate and the molecule towards the hydroxymethyl
oxygen and along the axis between the latter and the closest boron
atom; by considering the charge difference analysis (Table 2), this
amounts to a shift of charge towards the hydroxymethyl group oxygen,
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Fig. 2. Relaxed geometries of systems (a) gG (glucose on pristine graphene),
(b) gLowBG (glucose on ~1.39 at.% B-graphene) and (c) gHighBG (glucose on
12.5 at.% B-graphene). Bond distances between the oxygen atom of the glucose
hydroxymethyl group and its nearest substrate atom are highlighted by yellow
lines.

i.e. towards the glucose molecule. Similar behavior is observed for the
other systems.

To quantify and compare the effect of the charge transfer on the
interaction strength between glucose and substrate in the glucose/sub-
strate systems, we conduct force constant analysis of the glucose hy-
droxymethyl group oxygen and its closest substrate atom. As the inter-
atomic force constants between two atoms constitute a 3 X 3 matrix,
we compare absolute values of matrix traces divided by 3, in order
to consider the average magnitude of a force constant on the main
diagonal. We consider the trace as a relevant quantity because it
remains invariant under spatial transformations of the system coordi-
nates, unlike the full matrix, and thus contains the relevant information
on the bond strength. The trace average is found to be ~ 35 x 103
times larger in gHighBG compared to the gLowBG case, indicating a
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a

Fig. 3. Charge difference isosurfaces of the gHighBG system. The visualized charge density is calculated as the charge density of the lone glucose and lone
substrate systems subtracted from the charge density of the glucose-on-substrate system. The blue and yellow isosurfaces represent loss and gain of charge,
respectively. The isosurface levels are set at —0.007 and 0.007 le| /A3, respectively.

Fig. 4. (a) Initial geometry of a low concentration (~1.39 at.%) B-graphene system where the CH,OH group closely interacts with the B site of the substrate.

(b) Relaxed geometry of the same system.

much stronger glucose/substrate bond in gHighBG. Instead, the trace
average is ~6 times greater in the gLowBG system compared to the
gG one, this pointing at a stronger interaction in the former. However,
such difference is significantly lower when comparing the low and high
concentration B-graphene systems. The force constant matrices used in
this analysis are reported in the Supplementary Material, Section 2.

To check whether a glucose/substrate bond similar in strength to the
gHighBG case can form on low concentration B-graphene, we consider
the following system, represented in Fig. 4. We position glucose on
top of 1.39 at.% B-graphene so that the hydroxymethyl group oxygen
is at the same distance from the substrate boron as in the optimized
gHighBG system. During geometric relaxation, glucose is repelled to
a distance similar to the one found in the gLowBG case. This result
suggests that glucose cannot form a strong bond with B-graphene if the
dopant concentration is low.

3.2. Phonons and Raman spectra

For all considered systems containing a glucose molecule, the only
symmetry operation is the identity; as such, all phonon modes at I’
are Raman active [45]. The frequency range of interest for study-
ing the glucose Raman signal is [600,1600] cm~!, as reported in
Ref. [29]. Accordingly, we only compute Raman intensities of modes
below 1600 cm~!. Because we are only interested in relative peak
positions and intensities, we do not study their temperature-dependent
finite width.

First, we calculate the spectrum of pristine graphene as a reference.
It consists of a single peak called the G band with a wavelength of
1576 cm™!, corresponding to the first order Raman scattering process,
the signal of which is reported to be at ~1580 cm™! [46]; therefore,
we assume that the simulation setup causes a red shift of ~4 cm™!
between the calculated and the expected experimental value. To allow
comparison with possible reported experimental data, from now on we
report all the calculated spectra shifted by the same amount.

To compare the enhancement of the glucose Raman signal among
our systems, we first need to understand which peaks originate from
glucose and which from the substrate. We also need to understand
which peak in one system corresponds to a given peak in another
system (eigenvector comparison). To achieve these two goals, we iden-
tify the atomic character of the relevant phonon modes and compare
their eigenvectors across the systems. The atomic character quantifies
whether the atomic displacement pattern of a mode mainly involves
motions of the substrate or the molecule; we calculate it by means of the
pHONCHAR code [47]. To establish a one-to-one correspondence between
modes originating from the same species, we compare the phonon
eigenvectors at varying systems with the aid of the eicmap code [48].
Both the pHoNncHAR and EiGMaP software packages are available free of
charge at https://github.com/acammarat/phtools. Characterization of
phonon eigenvectors is necessary to track how the phonon frequency
changes under varying conditions; this has been shown, for instance,
for the case of the evolution of the Raman signal in transition metal
dichalcogenide hetero-bilayers as a function of temperature [48].
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Fig. 5. Raman spectra of (a) gLowBG (glucose on 1.39 at.% B-graphene) and gG (glucose on pristine graphene) systems, and (b) gHighBG (glucose on 12.5 at.%
B-graphene) and gLowBG systems. Peaks discussed in the main text are highlighted by dashed vertical lines and labeled with the corresponding wavenumber

value.

We now compare the Raman spectra of systems gG with gLowBG
and gLowBG with gHighBG (Fig. 5), as this is the central result of
the present work. A figure illustrating our phonon character analysis
in more detail can be found in the Supplementary Material, Sec-
tion 3. Thanks to the abovementioned analysis, we determine that in
all the glucose/substrate systems, Raman signals in frequency range
[870,1350] cm~! originate mainly from the Raman activity of glucose.
The peaks in region [1500,1650] cm™! represent the vibrations of
graphene and B-graphene in the gG and gLowBG systems, respectively.
In gHighBG, peaks corresponding to the vibrations of the substrate ap-
pear around 1451 cm~!. By comparing these spectra with the reported
spectrum of f-glucose [29] and our calculation of it (see Supplementary
Material, Section 4), we see that all substrates enhance the Raman
signal of glucose by ~10!4, with significant wavelength shifts and
modulation of the overall spectra. The most intense glucose peak in the
gG system appears at 1279 cm™~!, corresponding to the 1277 cm~! peak
in gLowBG and 1287 cm~! peak in gHighBG; their relative intensities to
the corresponding gG peak are 1.4x10~! and 1.8x10~2 for the gLowBG
and gHighBG systems, respectively. The latter two peaks are too weak
to be clearly visible in the spectrum image. In the B-graphene systems
the most intense glucose peaks have frequencies 1194 and 1188 cm™!
in gLowBG and gHighBG and correspond to the 1186 cm~! gG peak.

Their relative intensities are 1.1x10%, 3.7x10* in gLowBG and gHighBG,
respectively. In this instance, the gG peak is not visible. These specific
examples illustrate that different peaks become prominent and each
mode is shifted by a non-constant factor towards higher or lower
frequencies; overall, the 12.5 at.% B-graphene seems to provide the
greatest enhancement. A comprehensive list of the most intense glucose
peaks and their relative magnitude is provided in Table 1 in the
Supplementary Material, Section 4. Special attention should be paid
to the peaks at 190 cm™!, 578 cm~! and 1163 cm™! in the gHighBG
spectrum. These modes do not correspond to any modes in the other
systems as they are peculiar of only the high concentration B-graphene
system.

We can qualitatively compare these results to how B-graphene
influences pyridine by considering what has been reported in the lit-
erature [15]. They concluded that their low concentration B-graphene
substrate (~ 2.4 at.%) can increase the SERS signal of pyridine when
compared with pristine graphene. This does not seem to be true for
glucose. The pyridine molecule was more strongly bonded with the
~ 2.4 at.% B-graphene than pristine graphene, as indicated by a sig-
nificantly higher adsorption energy. However, in our case there is not
much difference in the interaction strength between glucose on pristine
graphene or low concentration B-graphene, which could explain why
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Fig. 6. Relaxed geometries of (a) gLowBGF and (b) gHighBGF systems, where the glucose molecule is flipped; i.e. its hydroxymethyl group, highlighted by a red

outline, is pointing away from the substrate.
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Fig. 7. Raman spectra of (a) gLowBGF and (b) gHighBGF systems. Peak color gradient indicates the atomic character of the phonon displacements: pure yellow
and dark purple colors correspond to contributions from only the glucose molecule or the substrate, respectively.

these substrates provide a similar enhancement. In the case of the
12.5 at.% B-graphene there is a significant increase in the interaction
strength and, as previously mentioned, it provides the largest signal
enhancement. Consequently it may be better suited as a substrate for
SERS-based detection of glucose.

To investigate the influence of the hydroxymethyl group’s proximity
to the substrate on glucose’s signal enhancement, we decide to study
2 more systems (Fig. 6), which we name gLowBGF and gHighBGF.
They are built by considering the geometry of gLowBG and gHighBG

systems and flipping the glucose molecule with the hydroxymethyl
group pointing away from the substrate.

Spectra of the gHighBGF and gLowBGF systems (Fig. 7) underline
the importance of the proximity of the glucose hydroxymethyl group to
the surface in determining the signal enhancement. In both cases, peaks
corresponding to substrate vibrations become the most prominent and
the Raman signal is overall weaker than in the gHighBG and gLowBG
systems. Glucose modes are still present, but weaker by several orders
of magnitude than in the non-flipped cases.
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4. Conclusion

We have studied the role of dopant concentration in boron-doped
graphene when used as a SERS substrate to enhance the Raman signal
of glucose. The Raman spectrum of glucose on top of the 12.5 at.%
B-graphene substrate exhibited the most intense glucose peaks. This
result suggests that 12.5 at.% B-graphene provides a greater signal en-
hancement than pristine graphene and B-graphene systems with lower
concentrations. The large enhancement relates to the substrate’s ability
to form a stronger bond with glucose compared to the pristine and
low concentration cases. We then propose that a dopant concentration
of 12.5 at.%, as in the gHighBG system, may be preferable when
using boron-doped graphene as a SERS substrate for glucose detection.
Additionally, we have found that the orientation of glucose’s hydrox-
ymethyl group with respect to the substrate significantly alters the
resulting Raman spectrum. The performed phonon eigenvector analysis
proved to be fundamental to correctly track the evolution of the Raman
signals as a function of dopant concentration. Such analysis can be
promptly exploited in other studies on phonon evolution, regardless of
the chemical composition and topology of the system of interest.
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