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Abstract: A novel solvothermal technique has been developed in the presence of C/N/B precursor
for synthesizing B-N-coped graphene quantum dots (GQDs) as non-metal electrocatalysts towards
the catalytic glucose oxidation reaction (GOR). Both N-doped GQD and B-N-codoped GQD particles
(~4.0 nm) possess a similar oxidation and amidation level. The B-N-codoped GQD contains a B/C
ratio of 3.16 at.%, where the B dopants were formed through different bonding types (i.e., N-B, C-B,
BC,0, and BCO,) inserted into or decorated on the GQDs. The cyclic voltammetry measurement
revealed that the catalytic activity of B-N-codoped GQD catalyst is significantly higher compared
to the N-doped GQDs (~20% increase). It was also shown that the GOR activity was substantially
enhanced due to the synergistic effect of B and N dopants within the GQD catalysts. Based on the
analysis of Tafel plots, the B-N-codoped-GQD catalyst electrode displays an ultra-high exchange
current density along with a reduced Tafel slope. The application of B-N-codoped GQD electrodes
significantly enhances the catalytic activity and results in facile reaction kinetics towards the glucose
oxidation reaction. Accordingly, the novel design of GQD catalyst demonstrated in this work sets the
stage for designing inexpensive GQD-based catalysts as an alternative for precious metal catalysts
commonly used in bio-sensors, fuel cells, and other electrochemical devices.

Keywords: non-metal catalysts; graphene quantum dots; glucose oxidation; boron doping; catalytic
activity; nitrogen doping

1. Introduction

Nanostructured materials are an emerging class of nanomaterials that have gained
significant attention since their physiochemical characteristics can be engineered and
even enhanced compared to their corresponding bulk material properties [1]. In par-
ticular, nanostructured materials enable higher surface areas and enhanced surface en-
ergy [2,3]. The carbon-based nanostructured materials have been widely used for energy
storage and sensing devices due to superior conductivity, biocompatibility, and higher
surface areas [4-7].

Among various classes of nanostructured materials, the graphene quantum dots
(GQDs) have received significant attention recently [8]. The capability of adjusting the
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bandgap within a relatively wide range through adjusting the size and structure of GQDs [9]
along with substantial quantum confinement effects enable engineering the GQDs for
improving the physicochemical properties [10,11]. Major advantages of GQDs include
high solubility at room temperature, robust photoluminescence, and negligible cytotox-
icity [10,11]. Prior successful implementations of GQDs have been focused on sensors
with superior selectivity [12,13], optoelectronic devices [14], bio-imaging [15], ionic detec-
tion [16], and high-performance redox flow batteries [17,18].

For many electrochemical devices, a catalyst is needed for deriving the oxidation and
reduction reactions on the anode and cathode electrodes, respectively. In particular, electro-
oxidation of glucose (CgH120g, molecular weight: 180 g mol~!) is of significant importance
for many electrochemical energy conversion devices (e.g., glucose fuel cells) [19,20]. It is
well established that the catalyst choice directly influences the reaction pathway during the
glucose oxidation reaction (GOR). It is also shown that the oxidation of glucose molecule
to carbon dioxide is capable of attaining a high theoretical energy (ca. 2870 k] mol 1)
via liberating 24 electrons [21-24].

The electrochemical GOR can be classified into two major categories including en-
zymatic and non-enzymatic reactions [1]. Pioneering studies have shown that the sys-
tems/devices employing non-enzymatic GOR (usually with metal oxides as the catalyst
and nanostructured porous metals or carbon materials as the electrode) have a longer
lifetime and are more stable compared to the enzymatic sensors [25,26]. Many attempts
have been devoted for exploring the non-enzymatic GOR using precious metals (e.g.,
Pt [19], Au [24,27], and Pd [28]) and metal oxides (e.g., Co3O04 [29] and NiFeOy [30]) as the
nano-catalysts. Engineering the electrodes’ microstructure, tuning the roughness factor,
and increasing the active surface area have also been explored for boasting the catalytic
activity of the GOR [25-30].

Prior works on improving the catalytic behavior of GOR have predominantly focused
on deploying precious metals as the catalyst. Despite being very effective, this class of
catalysts is too expensive for widespread adoption. Therefore, there is a significant need
for developing inexpensive yet high-performance catalysts for the glucose oxidation re-
action. In this work, we report, for the first time, the fabrication and characterization of
B-N-codoped GQD electrodes as a non-enzymatic catalyst for the GOR. Doping N within
the graphene imparts n-type conductivity [31] while B-doping leads to p-type conduc-
tivity in the graphene nanostructure due to the low electronegativity of the boron atom
(even less than carbon; 2.04 for B vs. 2.55 for C [32]). To synthesize the B-N-codoped GQDs,
a solvothermal route was developed for effectively tuning the electronic structure of the
catalytic electrodes. For comparison, we have also synthesized N-doped GQDs employ-
ing the solvothermal technique developed in-house. The catalytic GOR on as-prepared
GQD catalysts was analyzed using cyclic voltammetry (CV) at a high-pH environment.
The stability as well as the catalytic activity of the GQD electrodes was also analyzed for
the non-enzymatic GOR.

2. Results and Discussion
2.1. Physiochemical Properties of B-N-Codoped GQDs

The TEM micrograph of N-doped GQD sample, as illustrated in Figure 1a,b, reveals a
homogeneous dispersion of nanoparticles. The N-doped GQD sample displays a quasi-
spherical shape with an average diameter of ca. 4.0 nm. We also observe well-ordered
lattice fringes with an average spacing distance of ca. 0.21 nm corresponding to the (100)
facet of graphite. Such an ordered lattice morphology confirms the formation of graphite-
like structure for the GQD samples [33]. The TEM micrographs of the B-N-codoped GQDs
are provided in Figure 1c,d. According to Figure 1c,d, the B-N-codoped GQDs exhibit a
spherical-like shape after the introduction of B dopant. The lattice fringes of B-N-codoped
GQD samples are localized within several small domains due to the presence of grain
boundaries formed upon doping B and N atoms. Indeed, the boron doping alters the lattice
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arrangement due to the substitutional or interstitial replacement on the basal planes or at
the edge sites of GQDs.

Figure 1. TEM micrographs of (a) N-doped graphene quantum dots (GQD) and (b) B-N-codoped
GQD samples. The corresponding histograms have also been shown within the insets. The lattice
fringes of (¢) N-doped GQD and (d) B-N-codoped GQD samples.

The corresponding selected-area diffraction patterns of the GQD nanomaterials are
shown at the inset of Figure 1a,c. Based on Figure 1a,c, several ring-like structures can
be identified exhibiting typical features of a hexagonal graphite lattice [34]. Nonetheless,
the incomplete rings of both GQD samples reflects the disordered structure of carbon
lattices imposed through the structural defects caused by the B and N doping [35]. The his-
tograms for the particle size distributions of both samples are illustrated in the inset of
Figure 1a,c; revealing a quasi-Gaussian distribution centered at 3-5 nm. The particle size
distributions for both GQD samples were analyzed by counting more than 100 nanopar-
ticles. The particle size distributions were basically fitted to the log-normal distribution.
The average particle sizes of N-doped GQD and B-N-codoped GQD samples were esti-
mated to be 4.0 and 3.9 nm, respectively. This observation implies that the influence of B
doping on the particle shape as well as the particle size is miniscule.

Typical XRD patterns of both GQD samples are given in Figure 2, demonstrating
a diffraction peak at 260 = 23-25°, assigned to the (002) plane of graphite [36]. For the
graphitic crystalline structures, it is widely accepted that the Bragg’s equation can be used
for assessing the interlayer distance (d(ggp)) [37]. Usually, the (002) peak of artificial graphite
takes place at ca. 26.4° (d(gpp) = 0.337 nm), which is slightly lower than that of both GQD
samples (d(gp2) = 0.356-0.386 nm). The larger interlayer spacing distance is attributed to
the presence of nitrogen and boron dopants inserted into the graphitic lattices. For the
B-N-codoped GQD sample, we observe representative peaks of boron carbide, based on
JCPDS card no. 35-0798 [38]. The other three diffraction peaks can be attributed to the
cubic crystalline B,Os, according to JCPDS card no. 06-0297 [39]. This finding reveals that
B-N-codoped GQDs contain B and N dopants (in the graphitic lattices) along with boron
oxides attached to the edge of the lattices or embedded within the lattices.
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Figure 2. Typical XRD patterns of (a) N-doped GQD and (b) B-N-codoped GQD samples.

The XPS measurements were adopted to analyze the variations in the dopant concen-
tration as well as distribution of surface functionalities induced by the B and N doping.
The elemental analysis of C, N, O, and B can be explored through focusing on different
binding energies: C 1s (ca. 282-288 eV), N 1s (ca. 399-408 eV), O 1s (ca. 531-536 eV), and B 1s
(ca. 190-194 eV) [40—42]. Indeed, the N/C atomic ratio for the N-doped GQD and B-N-
codoped GQD samples was identical (ca. 13.3 at.%), while both GQD samples contained
a similar O/C atomic ratio, i.e., 22.2 at.% (N-doped GQDs) and 21.6 at.% (B-N-codoped
GQDs). This result reflects that both GQD samples included comparable amidation and
oxidation levels. It is important to note that the B/C ratio within the samples demonstrated
an increasing trend up to 3.16 at.%, indicating that the B dopants (originating from boric
acid during the solvothermal process) were successfully inserted within the GQD lattices;
an observation also confirmed by the XRD analysis, as discussed previously.

Detailed-scan XPS spectra of N 1s, O 1s, and N 1s peaks of N-doped GQD samples,
decomposed using a multiple Gaussian function, are depicted in Figure 3a—c. According to
Figure 3a, the C 1s spectrum can be deconvoluted into three main peaks including C=C/C-
C (ca. 284.5 eV), C-N/C-OH (ca. 286.0 eV), C=0 (ca. 286.8 eV) [43,44]. This observation
reveals that the oxygen and nitrogen functional groups were successfully attached to
the edges or basal planes of graphite-like lattices. In addition, the N 1s spectrum was
comprised of two components assignable to pyridinic/pyrrolic nitrogen (ca. 399.6 eV) and
NO; (ca. 406.5 eV) [45], as illustrated in Figure 3b. Herein, the pyridinic/pyrrolic N has a
higher tendency to attach to the edge sites (Cs or Cg) rather than at basal plane sites of GQD
lattices [46—48]. The O 1s spectrum consists of two major components: C=0 (ca. 531.8 eV)
and C-O/C-NO; (ca. 533.5 eV), as shown in Figure 3c [45]. Therefore, the N-doped
GQDs contain oxygen functional groups, lattice N atoms, and NO, groups attached to the
edge sites.

Figure 4a—d presents high-resolution C 1s, N 1s, B 1s, and O 1s peaks of the B-
N-codoped GQD samples. Based on Figure 4a, one additional group (i.e., C-B at ca.
283.9 eV [49,50]) within the C 1s peak can be identified that was not present in the N-doped
GQDs spectra. This additional peak suggests the existence of B dopants in the GQD
lattice; an observation also confirmed through the XRD analysis. As shown in Figure 4b,
the N 1s spectrum consists of three components: N-B bonding (ca. 398.3 eV), graphitic N (ca.
401.1 eV), and NO; (ca. 406.5 eV) [45,51]. The B 1s spectrum of B-GQD-13 (see Figure 4c)
exhibits three major peaks around ca. 189.8, 190.6, and 191.9 eV, corresponding to C-B,
BC;0, and BCO, bonds, respectively [52]. Therefore, it can be concluded that the B atoms
were successfully doped within the skeleton of GQDs. It is important to note that the
intense peak at ca. 190.6 eV can be assigned to the structure of B atoms bonding to C
and O atoms (BC,0), resulting in the discharge of boron atoms from the nanostructure
in the form of epoxy. The signal at ca. 191.9 eV reveals that B atoms are surrounded by
C and O atoms (BCO,), revealing the appearance of boronic acid group in B-N-codoped
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GQDs [53]. As depicted in Figure 4d, the O 1s spectrum confirms the presence of C=0 and
C-0O/B-O/C-NO; bonds at ca. 531.8 and 533.5 eV, respectively [45,54,55]. As a result, it can
be inferred that the B dopants are predominantly formed through four different bonding
types (i.e., N-B, C-B, BC,0, and BCO,) inserted into or decorated on the GQDs structure.

2.2. GOR on B-N-Codoped GQD Electrodes

Figure 5 includes a schematic diagram demonstrating the synthesis procedure (solvother-
mal) of the B-N-codoped GQDs. As shown in Figure 5, the solvothermal route includes three
major steps: (i) Activation of pyrene precursor in the presence of nitric acid, (ii) solvothermal
synthesis from the TNP + boric acid mixture, and (iii) electrode assembly for GOR.

To explore the efficacy of as-prepared GQD catalytic electrodes, the CV was performed
in 1 M glucose + 1 M NaOH at the scan rate of 50 mV s~1 as shown in Figure 6a,b. The CV
spectra of GQD electrodes were collected within the potential range of —0.6-0.4 V vs.
Ag/AgCl. The CV curves associated with the glucose oxidation reaction using as-prepared
catalytic electrodes (as the working electrode) include two oxidation peaks (see Figure 6)
similar to the CV graphs of GOR reported in the literature with precious metal catalysts
(e.g., Pd-Ru [23]). According to Figure 6, both GQD catalyst electrodes exhibit a relatively
similar oxidation onset potential (—0.50 V vs. Ag/AgCl for the B-N-codoped GQD and
—0.48 V for the N-doped GQD). Indeed, the chemisorption of hydroxyl ions onto the GQD
catalysts in the initial stage of oxidation results in the formation of GQD-OH sites [3].
On the surface of B-N-doped GQDs, the N sites are usually occupied by the oxygen
compounds, whereas the B sites promote the stripping of originally oxygenated species
(e.g., —OH), due to the higher electro-negativity of N compared to B atoms (~3.04 (N) vs.
~2.04 (B)). This mechanism has also been reported for the improved catalytic activity of
glucose oxidation reaction using binary Pt-Ni [56] and Pt-Sn [57] catalysts. Accordingly,
the initial reaction can be written as:

GQD +x OH™ — GQD-OHy + x e~ (R1)

®

C=C/C-C

C-O/C-N
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Figure 3. XPS spectra of (a) C 1s, (b) N 1s, and (c) O 1s peaks of N-doped GQD sample.
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Figure 6. Typical cyclic voltammetry (CV) profiles of (a) N-doped GQD and (b) B-N-codoped GQD
electrodes in 1 M glucose + 1 M NaOH electrolyte at 50 mV s~ 1.

The onset potential can usually be correlated to the electrochemical activity of an
electro-catalyst; lower than the onset potential, better than the catalytic activity [58].
Based on the CV analysis, we observe that both as-prepared catalysts display a simi-
lar onset potential towards the glucose oxidation reaction, which is very close to the onset
potential reported for the GOR using precious Pd-Rh nanocatalysts [23]. The improved
catalytic activity enabled with the as-prepared GQD catalysts is majorly due to the highly
crystalline structure of the nanocatalysts (i.e., fast charge-transfer rate), small particle size
(i.e., average particle size: ~4 nm), and high amidation level (i.e., N/C ratio: ~13.3 at.%).

As illustrated in the CV profiles (see Figure 6), the initial oxidation peak attributed
to the direct GOR is observed within the potential range of —0.1 to 0.1 V vs. Ag/AgCl
(in the positive scan). It is well established that the electro-oxidation of glucose is usually
difficult and has intrinsically sluggish kinetics [1,59]. The first step of GOR is the electro-
chemical adsorption of the glucose molecules on the surface of the GQD electrode during
dehydrogenation (i.e., the formation of dehydrogenated glucose (GQD-glucose)), as shown
in the following:

GQD-OH, + glucose «+ GQD-glucose + HyO + e (R2)

Second, the dehydrogenated molecule is transformed to gluconate through direct
oxidation (i.e., R3), which involves the generation of a hydroxide ion and elimination of a
proton (H*). The oxidization of the dehydrogenated glucose to gluconolactone (i.e., R4)
is also feasible as an alternative pathway for the reaction. The gluconolactone is then
transformed to gluconate upon reacting with a hydroxide ion [27].

GQD-glucose + OH™ «+» GQD-gluconate + H" + e (R3)

GQD-glucose ++ GQD-gluconolactone (or gluconate) + H" + e~ (R4)

Shifting the potential to more positive potentials, the GQD-OHy sites tend to catalyze
the dehydrogenated glucose (i.e., GQD-glucose) [60], thus, inducing the first oxidation peak
in the positive scan. In the negative potential scan, the reduction of oxidized GQD sites
occurs within the potential range of —0.2-0 V (vs. Ag/AgCl). Subsequently, the occupied
sites are electrochemically stripped as the active sites for the glucose oxidation reaction,
as featured in the second oxidation peak.

The first oxidation peaks associated with the reactions formulated through R2-R4 can
be used for evaluating the catalytic activity of the as-prepared GQD electrodes [60]. Accord-
ing to Figure 6a,b, the specific current evaluated at the 1st cycle demonstrates the following
order: B-N-codoped GQD (0.98 A g~1) > N-doped GQD (0.81 A g~1). This analysis reveals
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that the catalytic activity of B-N-codoped GQD catalyst is 1.21 times higher than that of N-
doped GQD electrodes. After 200 cycles, the specific current still maintains: B-N-codoped
GQD (0.55 A g~1) > N-doped GQD (0.49 A g~!). The increased catalytic activity is majorly
due to the synergistic effect of B and N dopants in the GQD catalysts [61]. Indeed, the N
functionalities facilitate the formation of GQD-OHyj sites, enabling the progress of GOR
steps (R2-R4) in the forward direction; whereas the B dopants refresh the occupied and
poisoned sites for the next GOR cycle. Using the density functional theory, it became clear
that BC3 plays a crucial role in determining the electronic transition, while the influence of
BC,0 and BCO;, (i.e., oxidized B bonding configurations) on the electronic properties of
GQDs mostly depends on their hybridization form of carbon [62]. Therefore, during the
catalytic GOR cycle, the glucose molecule interacts with the B center where the electronic
properties of the B sites affect the electrocatalytic activity.

Considering the CV curves shown in Figure 6, the 1st peak (i.e., J;, in the positive scan)
can be assigned to the catalytic activity during the GOR in the direct direction, while the
appearance of the 2nd peak (i.e., ], in the negative scan) represents the reduction of oxides;
an important index in evaluating the availability of pre-occupied sites for the subsequent
GOR step upon recovery. Indeed, the J; /], ratio can be assessed as a function of the cycle
number. The J; /], ratio of N-doped GQD catalyst ranges from 1.72 to 1.81, which is higher
than that of the B-N-codoped GQD catalyst (1.63-1.71) for the entire 200 cycles. This finding
reveals that the presence of B dopants efficiently regenerates the poisoned sites for the
subsequent catalytic cycle (i.e., enhanced reversibility), resulting in an improved catalytic
activity towards the glucose oxidation reaction.

To confirm the long-term catalytic activity and durability towards GOR, a chronoam-
perometry test at constant potential of 0 and 0.2 V vs. Ag/AgCl was conducted for a period
of 0.5 h. Figure 7 shows the chronoamperometry curves for both catalyst electrodes in an
aqueous electrolyte of 1 M glucose + 1 M NaOH. In the initial stage, all potentiostatic cur-
rents are found to decrease rapidly, corresponding to the formation of intermediate species
such as GQD-OH,, GQD-glucose, GQD-gluconate, and GQD-gluconolactone during the
GOR process, resembling the methanol oxidation reaction on metallic catalysts [63,64].
After 0.5 h, the current decay becomes gradual and then remains stable. The steady-state
polarization curves reveal that the stable current of B-N-codoped GQD electrode is higher
than in the N-doped GQD one. This result indicates that the B-N-codoped GQD catalyst
has the highest electrocatalytic activity towards the electrooxidation of glucose and stability,
which is identical to the results of CV measurements.

®)

@ 0.1

B-N-codoped

0.01 4 B-N-codoped

Current density (mA cm2)
Current density (mA cm)

N-doped 001 N-doped
0-001 L] I L] I T I T I ' I ' I ' I ' I
0 400 800 1200 1600 0 400 800 1200 1600
Time (sec) Time (sec)

Figure 7. Current-time curves for the glucose oxidation reaction (GOR) at (a) 0 and (b) 0.2 V vs.
Ag/AgCl for both catalyst electrodes.
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2.3. Catalytic Kinetics of B-N-Codoped GQD Electrodes

To characterize the kinetics of the glucose oxidation reaction on different catalytic
electrodes, typical Tafel plots were analyzed using the linear sweep voltammetry (LSV)
conducted at 50 mV s~ 1. The Tafel plots can be divided into two stages: (i) The positive scan
from —0.6 to 0.4 V and (ii) the negative scan from 0.4 to —0.6 V, as shown in Figure 8a,b,
respectively. Using the Butler-Volmer kinetic model, the Tafel plots can be formulated as
shown in the following [21-23]:

. . anF
IOgl = 10g10+ (2303RT>7’] (RS)

where, « resembles the transfer coeffecient; 7, n, R, and T are the overpotential, Fara-
day’s constant, universal gas constant, and the operating temperature, respectively. An-
alyzing the polarization curves at low overpotentials (i.e., LSV), the y-axis intercept and
the slope of the curves can be used for determining the exchange current (ip) and the Tafel
slope as illustrated in Figure 8 [30].

i i i B-N-codoped
] g [N}
[N}
' '
] "
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Figure 8. Typical Tafel plots of both N-doped GQD and B-N-codoped GQD electrodes in 1 M glucose
+ 1 M NaOH electrolyte at 50 mV s71: (a) The positive scan and (b) negative scan. The arrow indicates
their corresponding exchange current.

The Tafel slope can be correlated to the electron transfer rate where a smaller Tafel
slope implies a rapid electron transfer rate and more favorable catalytic reaction kinet-
ics [65]. The lower Tafel slope of as-prepared GOR confirms a fast electron transfer (i.e.,
facile kinetics) during the glucose oxidation reaction (stage (i): In the positive scan) and
the cleavage of O—H bonds in the H,O molecule to produce O, (stage (ii): In the negative
scan) [30]. According to Figure 7, the Tafel slopes at stage (i) for N-doped GQD and B-N-
codoped GQD catalysts were 680 and 672 mV dec ™!, respectively. A lower Tafel slope is
usually the result of a lower adsorption potential between the glucose molecules and the
surface of the corresponding electrode [66] and enhanced wettability of the catalysts by the
adjacent electrolyte [67]. It is generally recognized that oxygen functionalities are capable
of providing a strong affinity to the adsorbed glucose molecules, facilitating the progress
of (R2). In the GQD catalysts, the substitution of C atoms with the graphitic N atoms
maintains the lattice structure while promoting the sp? hybridization. Subsequently, such a
substitution within the lattice, substantially increases the conductivity of the GQD elec-
trodes [68,69], and enhances the charge transfer rate [70]. In addition, since the GQD
catalysts possess high oxidation and amidation levels, the robust design of GQD catalytic
electrodes enables a high surface coverage of adsorbed glucose molecules with facile charge
transfer kinetics, favoring the glucose oxidation reaction in the forward direction (R2-R4).
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According to Figure 8, the Tafel slopes at stage (ii) were assessed to be 2197 and
2033 mV dec™! for the N-doped GQD and B-N-codoped GQD catalysts, respectively.
The lower Tafel slope of B-N-codoped GQD catalyst can be attributed to the fact that
the B and N dopants enable the desorption of oxygenated intermediate species (e.g.,
OH_.45)) as a result of doping the heteroatom within the lattice. Indeed, the localized
distribution of the molecular orbitals is vastly affected by the pyridinic N doping at the
edges through the introduction of unpaired electrons and subsequently weakening the
O—O0 bonding [71-73]. Moreover, since the B atoms incorporated within the carbon atoms
possess a relative positive charge due to the lower electro-negativity compared to the
C atoms [70], stripping the oxygenated species off the B atoms can easily occur owing
to the difference in the electro-negativity between the B and O atoms; thus, favoring the
subsequent GOR catalytic cycle.

Based on the analysis of the Tafel plots, the magnitude of ip values among different
samples demonstrates the following order: B-N-codoped GQD (0.27 A g~') > N-doped
GQD (0.18 A g 1) at stage (i) and B-N-codoped GQD (0.11 A g~ !) > N-doped GQD
(0.05 A g’l) at stage (ii). The higher iy values for both stages indicate a faster reaction rate
of the catalytic electrodes [73], i.e., B-N-codoped GQD electrode towards the catalytic GOR
cycles. This significant improvement mainly originates from the synergistic effect between
the N-substitution and B dopant, causing the surface heterogeneity on the GQD lattices
and subsequently resulting in the remarkable catalytic activity. The B-N-codoped GQD
catalysts synthesized and developed in this work exhibit a very high exchange current
while demonstrating a very low Tafel slope, enabling the superior catalytic activity and
excellent reaction kinetics towards the glucose oxidation reaction.

3. Materials and Methods
3.1. Solvothermal Synthesis of B-N-Codoped GQDs

To synthesize the B-N-codoped GQDs, 1,3,6-trinitropyrene (TNP, home-made) pre-
cursor was prepared through the nitration of pyrene (Sigma-Aldrich, St. Louis, MO, USA,
purity: 98%) in the presence of concentric nitric acid (J.T. Baker, Radnor, PA, USA, purity:
70%) [45,74]. During the nitration process, pyrene (2 g) was mixed in 240 mL concen-
tric HNOj3 (16 N) at 80 °C for 18 h using a magnetic bar with the rotational speed of
150 rpm. The as-prepared solution was naturally cooled down to ambient temperature;
subsequently, the solution was diluted with distilled water (2 L) and then continuously
stirred at ambient temperature for 24 h, enabling the attachment of NO, groups to the TNP
molecules. The as-prepared solution was filtered by using a vacuum filtration apparatus
(MF-Millipore™ Membrane Filter, cellulose ester microporous filter, Darmstadt, Germany,
pore size: 0.22 pm) for eliminating any residual impurities and subsequently dried at an
elevated temperature (60 °C) resulting in the formation of the TNP precursor.

To prepare a homogeneous solution, boric acid (~1.5 g, J.T. Baker, Radnor, PA, USA,
purity: 99.5%) was added to the TNP precursor (~3 g) and the solution was dispersed
in dimethylformamide (DMF, ~50 mL, MACRON, Radnor, PA, US, purity: 99.8%) and
then the beaker was placed in an ultrasonic bath (Delta company, Taipei, Taiwan, model:
DC400H, maximum power: 400 W, bath temperature: 35 °C) for half an hour. For initiating
the solvothermal synthesis procedure, the resulting solution was placed into an auto-
clave (Teflon-lined, 120 mL, Macro Fortunate Co., Ltd., Taipei, Taiwan) for 12 h at 180 °C.
To remove any residue and insoluble impurities, the as-prepared solution (including B-N-
codoped GQDs) was filtered through vacuum filtration using a mixed cellulose ester micro-
porous filter (MF-Millipore™ Membrane Filter, Darmstadt, Germany, pore size: 0.22 um)
and subsequently dried using a rotary evaporator (Rightek company, New Taipei, Taiwan,
model: VP30; power: 80 W) at an elevated temperature (45 °C). A similar solvothermal
technique was repeated for synthesizing N-doped GQDs with no boric acid inclusion
during the procedure.
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3.2. Characterization of B-N-Codoped GQDs

To explore the crystalline structure of B-N-codoped GQD samples, X-ray powder
diffraction (XRD) was adopted. The XRD setup was equipped with the Shimadzu LabX
Shimadzu, Kyoto, Japan (model: XRD-6000) automated X-ray diffractometer. For analyzing
the chemical composition of the samples, XPS (X-ray photoelectron spectroscopy, model:
ESCA210/Fiscon VG, AZ, US) was used with a non-linear optimization algorithm devel-
oped for fitting the B 1s, C 1s, O 1s, and N 1s spectra. The peaks were deconvoluted by
using the computer software (XPSPEAK41, 4.1, Hong Kong, China) with an appropriate full
width at half maximum. Subsequently, the microstructure of the as-prepared samples was
assessed utilizing the transmission electron microscope (TEM, model: F200s/Talos/FEI,
Middlesex County, MA, US).

3.3. Electrochemical GOR on GQD Electrodes

To prepare the GQD-coated samples, we adopted a commonly used drop-coating
technique which was operated in the liquid phase. Herein, the GQD powder (25 mg) was
dissolved within a solution containing 6.5 mL of distilled water and 0.9 mL of Nafion 117 so-
lution (Sigma-Aldrich; St. Louis, MO, US, concentration: 5 wt%). The resulting mixture
was ultra-sonicated (Delta company, Taipei, Taiwan, model: DC400H, maximum power:
400 W, bath temperature: 35 °C) for 0.5 h to form a uniform paste. A drop-coating
method (3 mL GQD slurry) was performed on an indium tin oxide (ITO, Ruilong com-
pany, Miaoli, Taiwan, model: AT35, thickness: 1.1 mm, sheet resistance: 30 sq_l, dia-
mond knife manual cutting) conducting glass to prepare the catalytic electrodes. The recipe
for the preparation of GQD slurry was based on our in-house preliminary study. Herein,
the Nafion served as not only a conducting medium but also a binder, capable of bonding
GQDs with the ITO substrate. Therefore, we concerned two points: (i) Strong adhesion
between GQDs and ITO substrate and (ii) the appropriate amount of Nafion allows the
GQD surface exposure to the glucose-containing electrolyte. The ITO substrates with
an exposed area of 3 x 3 cm? were cleaned through a rigorous sonicating procedure
(Delta company, Taipei, Taiwan, model: DC400H, maximum power: 400 W, bath temper-
ature: 35 °C) in ethanol and deionized water prior to the GQD coating. The as-prepared
electrodes (ITO/GQD) were subsequently placed in a vacuum oven (Deng Yng company,
New Taipei, Taiwan, model: IACF-DOV40, volume: 60 L) maintained at 80 °C. To explore
the catalytic activity of the as-prepared samples, a typical three-electrode electrochemical
reactor was used with the saturated Ag/AgCl reference electrode (filling solution: 3 M
KCl) and Pt foil serving as the counter electrode. One home-made stainless folder was
used to closely connect the ITO/GQD as the working electrode. The three-electrode reac-
tor was filled with a concentrated glucose and NaOH solution (1 M each) and the cyclic
voltammetry experiments were conducted with a single-channel potentiostat (Autolab,
Herisau, Switzerland, model: 302N /PGSTAT).

4. Conclusions

A novel solvothermal technique was developed using the combination of C/N/B
precursors for synthesizing B-N-coped GQDs as non-metal catalysts towards GOR. Both N-
doped GQD and B-N-codoped GQD catalytic electrodes, with an average particle size of
ca. 4.0 nm, contained a high oxidation and amidation level, i.e., N/C ratio: 13.3 at.% and
O/C ratio: 21.6-22.2 at.%. The B/C ratio was found to be 3.16 at.%, where the B dopants
formed through different bonding types (i.e., N-B, C-B, BC,0, and BCO,) inserted into or
decorated on the GQDs nanostructure. The CV profiles of both GQD catalyst electrodes
contained (i) direct GOR in the positive scan and (ii) reduction of oxidized GQD sites in
the reverse potential scan. The comparison of oxidation current revealed that the catalytic
activity of B-N-codoped GQD catalyst was 1.21 times higher than that of N-doped GQD.
Therefore, the catalytic activity was significantly enhanced due to the synergistic effect of
B and N dopants within the GQD catalysts. Analyzing the Tafel plots, the B-N-codoped-
GQD catalyst electrode exhibited a higher exchange current along with the reduced Tafel
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slope. The B-N-codoped GQD electrodes demonstrate an excellent catalytic activity and
substantially improve the kinetics of the glucose oxidation reaction promoting the facile
electron transfer. Accordingly, the novel design of GQD catalytic electrodes demonstrated
in this work set the stage for synthesizing robust, high-performance, and inexpensive
catalysts as a replacement for precious metal nanocatalysts commonly used for a variety of
electrochemical devices (e.g., bio-sensors and fuel cells).

Author Contributions: Conceptualization, C.-T.H., R.-SJ., and K.D.K.; methodology, S.G.; re-
sources, S.G., C.-T.H., R.-SJ., and K.D.K.; data curation, C.-P.K. and C.-C.F,; software: C.-PK. and
C.-C.F,; validation, C.-T.H. and R.-S.J.; writing—original draft preparation, C.-T.H. and Y.A.G.;
writing—review, validation, and editing, C.-T.H., R.-S.J., K.D.K,, and Y.A.G.; visualization, C.-PK.,
C.-CF, and Y.A.G.; supervision, C.-T.H., R.-5.]., and K.D.K,; project administration, S.G., C.-T.H.,
and R.-S.J.; funding acquisition, S.G., C.-T.H., and R.-S.J. All authors have read and agreed to the
published version of the manuscript.

Funding: The major financial support for this work was provided by the Ministry of Science and
Technology of Taiwan (MOST 108-2221-E-155-036-MY3). The authors also acknowledge the partial
financial support provided by the Chang Gung Memorial Hospital, Linkou, Taiwan (Chang Gung
Medical Foundation, Taiwan, grant number CMRPD2EQ082). S.G. also thanks the partial support
received from the Program for Innovative Research Team in Science and Technology in Fujian
Province University (IRTSTF]), as well as the Talents Introduction Program of Xiamen University of
Technology (YK]J19018R) and the Natural Science Foundation of Fujian Province (no. 2020J01288).

Institutional Review Board Statement: The study did not require ethical approval.
Informed Consent Statement: “Not applicable” for studies not involving humans.
Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Luo, D.; Wu, L.; Zhi, ]. Fabrication of boron-doped diamond nanorod forest electrodes and their application in nonenzymatic
amperometric glucose biosensing. ACS Nano 2009, 3, 2121-2128. [CrossRef] [PubMed]

2. Zheng, HJ;Ma, C.A; Wang, W.; Huang, ].G. Nanorod tungsten carbide thin film and its electrocatalytic activity for nitromethane
electroreduction. Electrochem. Commun. 2006, 8, 977-981. [CrossRef]

3. Lee, HJ.; Yoon, SSW.; Kim, E.J.; Park, ].H. In-situ growth of copper sulfide nanocrystals on multiwalled carbon nanotubes and
their application as novel solar cell and amperometric glucose sensor materials. Nano Lett. 2007, 7, 778-784. [CrossRef] [PubMed]

4. Vamvakaki, V.; Tsagaraki, K.; Chaniotakis, N. Carbon nanofiber-based glucose biosensor. Anal. Chem. 2006, 78, 5538-5542.
[CrossRef] [PubMed]

5. Baker, S.E,; Colavita, PE.; Tse, K.Y.; Hamers, R.J. Functionalized vertically aligned carbon nanofibers as scaffolds for immobiliza-
tion and electrochemical detection of redox-active proteins. Chem. Mater. 2006, 18, 4415-4422. [CrossRef]

6. Hsieh, C.T,; Yang, B.H.; Lin, J.Y. One- and two-dimensional carbon nanomaterials as counter electrodes for dye-sensitized solar
cells. Carbon 2011, 49, 3092-3097. [CrossRef]

7.  Hsieh, C.T,; Chen, Y.C.; Chen, Y.F; Huq, M.M.; Chen, PY;; Jang, B.S. Microwave synthesis of titania-coated carbon nanotube
composites for electrochemical capacitors. |. Power Sources 2014, 269, 525-533. [CrossRef]

8. Li, L.; Wu, G;; Yang, G.; Peng, J.; Zhao, ]J.; Zhu, ]J.J. Focusing on luminescent graphene quantum dots: Current status and future
perspectives. Nanoscale 2013, 5, 4015. [CrossRef]

9. Yan, X; Cui, X; Li, B.; Li, L.S. Large, solution-processable graphene quantum dots as light absorbers for photovoltaics. Nano Lett.
2010, 10, 1869-1873. [CrossRef]

10. Zhou, X.; Zhang, Y.; Wang, C.; Wu, X,; Yang, Y.; Zheng, B.; Wu, H.; Guo, S.; Zhang, J. Photo-fenton reaction of graphene oxide:
A new strategy to prepare graphene quantum dots for dna cleavage. ACS Nano 2012, 6, 6592-6599. [CrossRef]

11. Pan, D.Y;; Zhang, J.C.; Li, Z.; Wu, M.H. Hydrothermal route for cutting graphene sheets into blue-luminescent graphene quantum
dots. Adv. Mater. 2010, 22, 734-738. [CrossRef] [PubMed]

12.  Zhang, L.; Zhang, Z.Y,; Liang, R.P; Li, Y.H.; Qiu, ].D. Boron-doped graphene quantum dots for selective glucose sensing based on
the “abnormal” aggregation-induced photoluminescence enhancement. Anal. Chem. 2014, 86, 4423-4430. [CrossRef] [PubMed]

13.  Gu, S.; Hsieh, C.T.; Mallick, B.C.; Fu, C.C.; Juang, R.S.; Gandomif, Y.A.; Kihm, K.D. Novel electrochemical sensor based on highly
amidized graphene quantum dots to electrochemically detect hydrogen peroxide. Appl. Surf. Sci. 2020, 528, 146936. [CrossRef]

14. Gu,S.; Hsieh, C.T.; Ashraf Gandomi, Y.; Li, J.; Yue, X.X.; Chang, ] K. Tailoring fluorescence emissions, quantum yields, and white

light emitting from nitrogen-doped graphene and carbon nitride quantum dots. Nanoscale 2019, 11, 16553-16561. [CrossRef]


http://doi.org/10.1021/nn9003154
http://www.ncbi.nlm.nih.gov/pubmed/19621936
http://doi.org/10.1016/j.elecom.2006.03.039
http://doi.org/10.1021/nl0630539
http://www.ncbi.nlm.nih.gov/pubmed/17324003
http://doi.org/10.1021/ac060551t
http://www.ncbi.nlm.nih.gov/pubmed/16878893
http://doi.org/10.1021/cm0609000
http://doi.org/10.1016/j.carbon.2011.03.031
http://doi.org/10.1016/j.jpowsour.2014.07.037
http://doi.org/10.1039/c3nr33849e
http://doi.org/10.1021/nl101060h
http://doi.org/10.1021/nn301629v
http://doi.org/10.1002/adma.200902825
http://www.ncbi.nlm.nih.gov/pubmed/20217780
http://doi.org/10.1021/ac500289c
http://www.ncbi.nlm.nih.gov/pubmed/24708154
http://doi.org/10.1016/j.apsusc.2020.146936
http://doi.org/10.1039/C9NR05422G

Catalysts 2021, 11, 101 13 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Fu, C.C; Wu, C.Y,; Chien, C.C,; Hsu, TH.; Ou, S.E; Chen, S.T.; Wu, C.H.; Hsieh, C.T.; Juang, R.S.; Hsueh, Y.H. Polyethy-
lene glycolgggo / carbon nanodots as fluorescent bioimaging agents. Nanomaterials 2020, 10, 677. [CrossRef]

Gu, S,; Hsieh, C.T,; Tsai, Y.Y.; Ashraf Gandomi, Y.; Yeom, S.; Kihm, K.D.; Fu, C.C.; Juang, R.S. Sulfur and nitrogen co-doped
graphene quantum dots as a fluorescent quenching probe for highly sensitive detection toward mercury ions. ACS Appl. Nano
Mater. 2019, 2, 790-798. [CrossRef]

Daugherty, M.C.; Gu, S.; Aaron, D.S.; Kelly, R.E.; Ashraf Gandomi, Y.; Hsieh, C.T. Graphene quantum dots decorated carbon
electrodes for energy storage in vanadium redox flow batteries. Nanoscale 2020, 12, 7834-7842. [CrossRef]

Daugherty, M.C.; Gu, S.; Aaron, D.S.; Mallick, B.C.; Ashraf Gandomi, Y.C.T. Decorating sulfur and nitrogen co-doped graphene
quantum dots on graphite felt as high-performance electrodes for vanadium redox flow batteries. J. Power Sources 2020,
477,228709. [CrossRef]

Basu, D.; Basu, S. A study on direct glucose and fructose alkaline fuel cell. Electrochim. Acta 2010, 55, 5775-5779. [CrossRef]
Kavanagh, P; Boland, S.; Jenkins, P.; Leech, D. Performance of a glucose/O, enzymatic biofuel cell containing a mediated
melanocarpus albomyces laccase cathode in a physiological buffer. Fuel Cells 2009, 9, 79-84. [CrossRef]

Brouzgou, A.; Yan, L.L.; Song, S.Q.; Tsiakaras, P. Glucose electrooxidation over PdyRh/C electrocatalysts in alkaline medium.
Appl. Catal. B Envrion. 2014, 147, 481-489. [CrossRef]

Chen, C.C;; Lin, C.L.; Chen, L.C. Functionalized carbon nanomaterial supported palladium nano-catalysts for electrocatalytic
glucose oxidation reaction. Electrochim. Acta 2015, 152, 408-416. [CrossRef]

Hsieh, C.T.; Chen, Y.E; Yu, PY. Deposition of binary Pd-Rh catalysts on nanostructured carbon supports for non-enzymatic
glucose oxidation. Int. |. Hydrog. Energy 2015, 40, 14857-14865. [CrossRef]

Wang, J.; Cao, X.; Wang, X.; Yang, S.; Wang, R. Electrochemical oxidation and determination of glucose in alkaline media based
on au (111)-like nanoparticle array on indium tin oxide electrode. Electrochim. Acta 2014, 138, 174-186. [CrossRef]

Rahman, M.M.; Ahammad, A.J; Jin, ] H.; Ahn, S.J.; Lee, ].]. A comprehensive review of glucose biosensors based on nanostruc-
tured metal-oxides. Sensors 2010, 10, 4855-4886. [CrossRef]

Tian, K.; Prestgard, M.; Tiwari, A. A review of recent advances in nonenzymatic glucose sensors. Mater. Sci. Eng. C 2014, 41,
100-118. [CrossRef] [PubMed]

Pasta, M.; La Mantia, F.; Cui, Y. Mechanism of glucose electrochemical oxidation on gold surface. Electrochim. Acta 2010, 55,
5561-5568. [CrossRef]

Xie, ].D.; Gu, S.Y.; Zhang, H. Microwave deposition of palladium catalysts on graphite spheres and reduced graphene oxide
sheets for electrochemical glucose sensing. Sensors 2017, 17, 2163. [CrossRef]

Strakosas, X.; Selberg, J.; Pansodtee, P.; Yonas, N.; Manapongpun, P.; Teodorescu, M.; Rolandi, M. A non-enzymatic glucose sensor
enabled by bioelectronic pH control. Sci. Rep. 2019, 9, 10844. [CrossRef]

Liu, WJ.; Xu, Z.; Zhao, D.; Pan, X.Q.; Li, H.C.; Hu, X,; Fan, Z.Y.; Wang, WK.; Zhao, G.H.; Jin, S.; et al. Efficient electrochemical
production of glucaric acid and Hj via glucose electrolysis. Nat. Commun. 2020, 11, 265. [CrossRef]

Agnoli, S.; Favaro, M. Doping graphene with boron: A review of synthesis methods, physicochemical characterization, and
emerging applications. J. Mater. Chem. A 2016, 4, 5002-5025. [CrossRef]

Ge, S.; He, J.; Ma, C,; Liu, J.; Xi, E; Dong, X. One-step synthesis of boron-doped graphene quantum dots for fluorescent sensors
and biosensor. Talanta 2019, 199, 581-589. [CrossRef] [PubMed]

Lu, S.; Xiao, G.; Sui, L.; Feng, T.; Yong, X.; Zhu, S.; Li, B.; Liu, Z.; Zou, B.; Jin, M.; et al. Piezochromic carbon dots with two-photon
fluorescence. Angew. Chem. Int. Ed. 2017, 56, 6187-6191. [CrossRef] [PubMed]

Gokhale, R.; Aravindan, V.; Yadav, P; Jain, S.; Phase, D.; Madhavi, S.; Ogale, S. Oligomer-salt derived 3D, heavily nitrogen doped,
porous carbon for Li-ion hybrid electrochemical capacitors application. Carbon 2014, 80, 462-471. [CrossRef]

Wang, J.; Wang, H.S.; Wang, K.; Wang, EB.; Xia, X.H. Ice crystals growth driving assembly of porous nitrogen-doped graphene
for catalyzing oxygen reduction probed by in situ fluorescence electrochemistry. Sci. Rep. 2014, 4, 6723. [CrossRef]

Gu, S.; Christensen, T.; Hsieh, C.T.; Mallick, B.C.; Ashraf Gandomi, Y.; Li, J.; Chang, ].K. Improved lithium storage capacity and
high rate capability of nitrogen-doped graphite-like electrode materials prepared from thermal pyrolysis of graphene quantum
dots. Electrochim. Acta 2020, 354, 136642. [CrossRef]

Hsieh, C.T.; Lin, Y.T.; Chen, W.Y.; Wei, J.L. Parameter setting on growth of carbon nanotubes over transition metal/alumina
catalysts in a fluidized bed reactor. Powder Technol. 2009, 192, 16-22. [CrossRef]

Davtyan, D.; Mnatsakanyan, R.; Liu, L.; Aydinyan, S.; Hussainova, I. Microwave synthesis of B4C nanopowder for subsequent
spark plasma sintering. J. Mater. Res. Technol. 2019, 8, 5823-5832. [CrossRef]

Yang, Q.; Sha, J.; Wang, L.; Zou, Y.; Niu, J.; Cui, C.; Yang, D. Crystalline boron oxide nanowires on silicon substrate. Phys. E Low
Dimens. Syst. Nanostruct. 2005, 27, 319-324. [CrossRef]

Wang, Y.; Yan, X.P. Fabrication of vascular endothelial growth factor antibody bioconjugated ultrasmall near-infrared fluorescent
AgyS quantum dots for targeted cancer imaging in vivo. Chem. Commun. 2013, 49, 3324-3326. [CrossRef]

Jin, Z.; Yao, ].; Kittrell, C.; Tour, ].M. Large-scale growth and characterizations of nitrogen-doped monolayer graphene sheets.
ACS Nano 2011, 5, 4112-4117. [CrossRef] [PubMed]

Tang, L.; Ji, R,; Li, X,; Bai, G.; Liu, C.P,; Hao, J.; Lin, J.; Jiang, H.; Teng, K.S.; Yang, Z.; et al. Deep ultraviolet to near-infrared
emission and photoresponse in layered n-doped graphene quantum dots. ACS Nano 2014, 8, 6312-6320. [CrossRef] [PubMed]


http://doi.org/10.3390/nano10040677
http://doi.org/10.1021/acsanm.8b02010
http://doi.org/10.1039/D0NR00188K
http://doi.org/10.1016/j.jpowsour.2020.228709
http://doi.org/10.1016/j.electacta.2010.05.016
http://doi.org/10.1002/fuce.200800037
http://doi.org/10.1016/j.apcatb.2013.09.024
http://doi.org/10.1016/j.electacta.2014.11.116
http://doi.org/10.1016/j.ijhydene.2015.09.035
http://doi.org/10.1016/j.electacta.2014.06.116
http://doi.org/10.3390/s100504855
http://doi.org/10.1016/j.msec.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24907743
http://doi.org/10.1016/j.electacta.2010.04.069
http://doi.org/10.3390/s17102163
http://doi.org/10.1038/s41598-019-46302-9
http://doi.org/10.1038/s41467-019-14157-3
http://doi.org/10.1039/C5TA10599D
http://doi.org/10.1016/j.talanta.2019.02.098
http://www.ncbi.nlm.nih.gov/pubmed/30952301
http://doi.org/10.1002/anie.201700757
http://www.ncbi.nlm.nih.gov/pubmed/28378520
http://doi.org/10.1016/j.carbon.2014.08.086
http://doi.org/10.1038/srep06723
http://doi.org/10.1016/j.electacta.2020.136642
http://doi.org/10.1016/j.powtec.2008.11.004
http://doi.org/10.1016/j.jmrt.2019.09.052
http://doi.org/10.1016/j.physe.2004.12.015
http://doi.org/10.1039/c3cc41141a
http://doi.org/10.1021/nn200766e
http://www.ncbi.nlm.nih.gov/pubmed/21476571
http://doi.org/10.1021/nn501796r
http://www.ncbi.nlm.nih.gov/pubmed/24848545

Catalysts 2021, 11, 101 14 of 15

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Chen, CM.,; Zhang, Q.; Zhao, X.C.; Zhang, B.; Kong, Q.Q.; Yang, M.G.; Yang, Q.H.; Wang, M.Z.; Yang, Y.G.; Schlogl, R.;
et al. Hierarchically aminated graphene honeycombs for electrochemical capacitive energy storage. |. Mater. Chem. 2012, 22,
14076-14084. [CrossRef]

Song, Z.Q.; Quan, FY,; Xu, YH.; Liu, M.L.; Cui, L.; Liu, ]J.Q. Multifunctional N,S co-doped carbon quantum dots with pH-
and thermo-dependent switchable fluorescent properties and highly selective detection of glutathione. Carbon 2016, 104,
169-178. [CrossRef]

Wu, M,; Zhan, ].; Geng, B.; He, P.; Wu, K.; Wang, L.; Xu, G.; Li, Z.; Yin, L.; Pan, D. Scalable synthesis of organic-soluble carbon
quantum dots: Superior optical properties in solvents, solids, and LEDs. Nanoscale 2017, 9, 13195-13202. [CrossRef]

Liu, X,; Jiang, H.; Ye, J.; Zhao, C.; Gao, S.; Wu, C.Y;; Li, C,; Li, J.; Wang, X.M. Nitrogen-doped carbon quantum dot stabilized
magnetic iron oxide nanoprobe for fluorescence, magnetic resonance, and computed tomography triple-modal in vivo bioimaging.
Adv. Funct. Mater. 2016, 26, 8694-8706. [CrossRef]

Liu, Y;; Duan, W.; Song, W.; Liu, J.; Ren, C.; Wu, ].; Liu, D.; Chen, H. Red emission B, N, S-co-doped carbon dots for colorimetric
and fluorescent dual mode detection of Fe** ions in complex biological fluids and living cells. ACS Appl. Mater. Interfaces 2017, 9,
12663-12672. [CrossRef]

Sun, S.; Zhang, L.; Jiang, K.; Wu, A.G,; Lin, H.W. Toward high-efficient red emissive carbon dots: Facile preparation, unique prop-
erties, and applications as multifunctional theranostic agents. Chem. Mater. 2016, 28, 8659-8668. [CrossRef]

Zhan, J.; Geng, B.; Wu, J.K;; Xu, G.; Wang, L.; Guo, R.Y,; Lei, B.; Zheng, FF,; Pan, D.Y.; Wu, M.H. A solvent-engineered
molecule fusion strategy for rational synthesis of carbon quantum dots with multicolor bandgap fluorescence. Carbon 2018, 130,
153-163. [CrossRef]

Wang, H.; Maiyalagan, T.; Wang, X. Review on recent progress in nitrogen-doped graphene: Synthesis, characterization, and its
potential applications. ACS Catal. 2012, 2, 781-794. [CrossRef]

Choi, C.; Park, S.; Woo, S. Binary and ternary doping of nitrogen, boron, and phosphorus into carbon for enhancing electrochemical
oxygen reduction activity. ACS Nano 2012, 6, 7084-7091. [CrossRef] [PubMed]

Chen, L.; Wu, C.L,; Du, P; Feng, X.W.; Wu, P,; Cai, C.X. Electrolyzing synthesis of boron-doped graphene quantum dots for
fluorescence determination of Fe3* ions in water samples. Talanta 2017, 164, 100-109. [CrossRef] [PubMed]

Sheng, Z.H.; Gao, H.L.; Bao, W.J.; Wang, F.B.; Xia, X.H. Synthesis of boron doped graphene for oxygen reduction reaction in fuel
cells. . Mater. Chem. 2012, 22, 390-395. [CrossRef]

Buchholcz, B.; Varga, E.; Varga, T.; Plank, K ; Kiss, J.; Koénya, Z. Structure and stability of boron doped titanate nanotubes and
nanowires. Vacuum 2017, 138, 120-124. [CrossRef]

Wu, H.; Wexler, D.; Wang, G. PtxNi alloy nanoparticles as cathode catalyst for PEM fuel cells with enhanced catalytic activity.
J. Alloy. Compd. 2009, 488, 195. [CrossRef]

Hsieh, C.T.; Chang, Y.S,; Roy, A.K.; Yu, PY.; Yin, K.M. Fast synthesis of binary Pt-Sn nanocatalysts onto graphene sheets for
promoted catalytic activity. Electrochim. Acta 2014, 149, 278-284. [CrossRef]

Lin, Y,; Cui, X.; Yen, C.H.; Wai, C.M. PtRu/carbon nanotube nanocomposite synthesized in supercritical fluid: a novel electrocata-
lyst for direct methanol fuel cells. Langmuir 2005, 21, 11474-11479. [CrossRef]

Park, S.J.; Chung, T.D.; Kim, H.C. Nonenzymatic glucose detection using mesoporous platinum. Anal. Chem. 2003, 75,
3046-3049. [CrossRef]

Meng, L.; Jin, J.; Yang, G.; Lu, T.; Zhang, H.; Cai, C. Nonenzymatic electrochemical detection of glucose based on palladium-
single-walled carbon nanotube hybrid nanostructures. Anal. Chem. 2009, 81, 7271-7280. [CrossRef]

Feng, ]J.; Dong, H.; Pang, B.; Chen, Y.; Yu, L.; Dong, L. Tuning the electronic and optical properties of graphene quantum dots by
selective boronization. J. Mater. Chem. C 2019, 7, 237-246. [CrossRef]

Fei, H.; Ye, R.; Ye, G.; Gong, Y.; Peng, Z.; Fan, X.; Samuel, E.L.G.; Ajayan, PM.; Tour, ].M. Boron- and nitrogen-doped
graphene quantum dots/graphene hybrid nanoplatelets as efficient electrocatalysts for oxygen reduction. ACS Nano 2014, 8,
10837-10843. [CrossRef]

Lv, L.; Yang, Z.; Chen, K.; Wang, C.; Xiong, Y. 2D layered double hydroxides for oxygen evolution reaction: From fundamental
design to application. Adv. Energy Mater. 2019, 9, 1803358. [CrossRef]

Kabbabi, A.; Faure, R.; Durand, R.; Beden, B.; Hahn, F.; Leger, ].M.; Lamy, C. In situ FTIRS study of the electrocatalytic oxidation
of carbon monoxide and methanol at platinum-ruthenium bulk alloy electrodes. |. Electroanal. Chem. 1998, 444, 41-53. [CrossRef]
Hsieh, C.-T.; Lin, J.-Y. Fabrication of bimetallic Pt-M (M= Fe, Co, and Ni) nnoparticle/carbon nanotube electrocatalysts for direct
methanol fuel cells. ]. Power Sources 2009, 188, 347-352. [CrossRef]

Exner, K.S. Is thermodynamics a good descriptor for the activity? Reinvestigation of dabatier’s principle by the free energy
diagram in electrocatalysis. ACS Catal. 2019, 9, 5320-5329. [CrossRef]

Yu, L.; Zhou, H.; Sun, J.; Qin, E; Yu, E; Bao, J.; Yu, Y.; Chen, S.; Ren, Z. Cu nanowires shelled with NiFe layered double hydroxide
nanosheets as bifunctional electrocatalysts for overall water splitting. Energy Envrion. Sci. 2017, 10, 1820-1827. [CrossRef]

Yan, L.; Zheng, Y.B.; Zhao, F; Li, S.; Gao, X.; Xu, B.; Weiss, P.S.; Zhao, Y. Chemistry and physics of a single atomic layer: Strate-
gies and challenges for functionalization of graphene and graphene-based materials. Chem. Soc. Rev. 2012, 41, 97-114. [CrossRef]
Hwang, J.O.; Park, J.S.; Choi, D.S.; Kim, ].Y.; Lee, S.H.; Lee, K.E.; Kim, Y.; Song, M.H.; Yoo, S.; Kim, S.0. Workfunction-tunable,
N-doped reduced graphene transparent electrodes for high-performance polymer light-emitting diodes. ACS Nano 2012, 6,
59-167. [CrossRef] [PubMed]


http://doi.org/10.1039/c2jm31426f
http://doi.org/10.1016/j.carbon.2016.04.003
http://doi.org/10.1039/C7NR04718E
http://doi.org/10.1002/adfm.201603084
http://doi.org/10.1021/acsami.6b15746
http://doi.org/10.1021/acs.chemmater.6b03695
http://doi.org/10.1016/j.carbon.2017.12.075
http://doi.org/10.1021/cs200652y
http://doi.org/10.1021/nn3021234
http://www.ncbi.nlm.nih.gov/pubmed/22769428
http://doi.org/10.1016/j.talanta.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/28107902
http://doi.org/10.1039/C1JM14694G
http://doi.org/10.1016/j.vacuum.2016.11.038
http://doi.org/10.1016/j.jallcom.2009.08.077
http://doi.org/10.1016/j.electacta.2014.10.108
http://doi.org/10.1021/la051272o
http://doi.org/10.1021/ac0263465
http://doi.org/10.1021/ac901005p
http://doi.org/10.1039/C8TC03863E
http://doi.org/10.1021/nn504637y
http://doi.org/10.1002/aenm.201803358
http://doi.org/10.1016/S0022-0728(97)00558-5
http://doi.org/10.1016/j.jpowsour.2008.12.031
http://doi.org/10.1021/acscatal.9b00732
http://doi.org/10.1039/C7EE01571B
http://doi.org/10.1039/C1CS15193B
http://doi.org/10.1021/nn203176u
http://www.ncbi.nlm.nih.gov/pubmed/22148918

Catalysts 2021, 11, 101 15 of 15

69.

70.

71.

72.

73.

74.

Tam, T.V.; Kang, S.G.; Babu, K.F; Oh, E.S,; Lee, S.G.; Choi, W.M. Synthesis of B-doped graphene quantum dots as a metal-free
electrocatalyst for the oxygen reduction reaction. J. Mater. Chem. A 2017, 5, 10537-10543. [CrossRef]

Wu, P; Du, P; Zhang, H.; Cai, C. Microscopic effects of the bonding configuration of nitrogen-doped graphene on its reactivity
toward hydrogen peroxide reduction reaction. Phys. Chem. Chem. Phys. 2013, 15, 6920-6928. [CrossRef]

Zhang, T,; Li, C.,; Gu, Y.; Yan, X,; Zheng, B.; Li, Y.; Liu, H.; Lu, N.; Zhang, Z.; Feng, G. Boosted sensor performance by surface
modification of bifunctional rht-type metal-organic framework with nanosized electrochemically reduced graphene oxide.
ACS Appl. Mater. Interfaces 2017, 9, 2984-2994. [CrossRef]

Gong, K.; Du, F; Xia, Z.; Durstock, M.; Dai, L. Nitrogen-doped carbon nanotube arrays with high electrocatalytic activity for
oxygen reduction. Science 2009, 323, 760-764. [CrossRef] [PubMed]

Gong, X; Gu, Y.;; Zhang, F; Liu, Z; Li, Y.; Chen, G.; Wang, B. High-performance non-enzymatic glucose sensors based on conicu
alloy nanotubes arrays prepared by electrodeposition. Front. Mater. 2019, 6, 3. [CrossRef]

Wang, L.; Wang, Y.L.; Xu, T; Liao, H.B.; Yao, C.J.; Liu, Y,; Li, Z.; Chen, Z.W.; Pan, D.Y,; Sun, L.T; et al. Gram-scale synthesis of
single-crystalline graphene quantum dots with superior optical properties. Nat. Commun. 2014, 5, 5357. [CrossRef] [PubMed]


http://doi.org/10.1039/c7ta01485f
http://doi.org/10.1039/c3cp50900a
http://doi.org/10.1021/acsami.6b13788
http://doi.org/10.1126/science.1168049
http://www.ncbi.nlm.nih.gov/pubmed/19197058
http://doi.org/10.3389/fmats.2019.00003
http://doi.org/10.1038/ncomms6357
http://www.ncbi.nlm.nih.gov/pubmed/25348348

	Introduction 
	Results and Discussion 
	Physiochemical Properties of B-N-Codoped GQDs 
	GOR on B-N-Codoped GQD Electrodes 
	Catalytic Kinetics of B-N-Codoped GQD Electrodes 

	Materials and Methods 
	Solvothermal Synthesis of B-N-Codoped GQDs 
	Characterization of B-N-Codoped GQDs 
	Electrochemical GOR on GQD Electrodes 

	Conclusions 
	References

