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N-doped graphene quantum dots (GQDs) are attracting great interest as promising Pt-free oxygen reduction
reaction (ORR) catalysts. In this work, the mechanism of ORR on N-doped GQDs with three different sizes
has been investigated based on density functional theory. Our results show that the size of the N-doped
GQDs affects the ORR. The adsorption strength of ORR intermediates, the reaction free energy of the rate-
determining step, and the overpotential increase with the increase of the size of N-doped GQDs. The
N-doped GQDs with the smallest size possess the smallest overpotential, indicating the highest ORR catalytic
activity. Our results will help to understand the size effect of N-doped GQDs on the catalytic activity of ORR.

Introduction

Fuel cells have attracted much attention as a clean and
sustainable power source. They can directly convert the chem-
ical energy contained in fuels into electric energy with high
conversion efficiency, high power density, quiet operation, and
no pollution.*” The current bottleneck of fuel cells lies in the
sluggish oxygen reduction reaction (ORR) on the cathode side.
To date, the preferred electrocatalysts are Pt and platinum
group metals (PGM), which pose a significant cost barrier for
fuel cell commercialization due to their scarcity and high price.
Great efforts have been devoted to the development of low-cost
alternative catalysts with high activity and durability in the
ORR, including metal-free heteroatom doped carbon mate-
rials,*® transition metal-nitrogen-carbon materials,*® and
transition metal oxides or sulfides.’*™*

Among various alternative ORR catalysts, heteroatom (N, B,
P, F, and S)-doped carbon materials, including fullerenes,
carbon nanotubes, graphene, and mesoporous carbon, are ex-
pected to be one of the most promising alternatives to Pt-based
catalysts due to their low-cost, high electrocatalytic activity,
selectivity and stability."*>° Recent studies have confirmed that
N-doped carbon nanotubes and graphene can catalyze a four-
electron ORR process free from CO poisoning with a 3-time
higher electrocatalytic activity, smaller crossover effect, and
better long-term operation stability than that of Pt-based elec-
trodes in alkaline electrolytes.””** The high catalytic activity of
the doped carbon materials may be attributed to the polarized
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distribution of spin and charge density which are caused by the
introduced heteroatoms.***

Among various carbon materials, zero-dimensional graphene
quantum dots (GQDs) with abundant edges have attracted great
interest.>'**73¢ The edge-abundant features of GQDs are partic-
ularly advantageous for electrocatalysts as ORR is more readily
electrochemically catalyzed at the edge than the basal
plane.***”** Recently, Qu et al -electrochemically prepared
N-doped GQDs with N/C atomic ratio of ca. 4.3%, which
possessed an electrocatalytic activity comparable to that of
a commercial Pt/C catalyst toward ORR in alkaline media.*
Furthermore, B- and N-doped graphene quantum dots/graphene
hybrid nanoplatelets exhibited excellent oxygen reduction
performance with activity higher than that of commercial Pt/C in
alkaline media.** The high activity of this hybrid materials can
be attributed to the abundant edges and doping sites, high
electrical conductivity, and high surface area.*

It is well known that the electronic structure of GQDs is
strongly dependent on the geometrical size,*” which will change
the catalytic activity of GQDs. However, a complete under-
standing of size effect of ORR on GQDs has not been obtained
so far. In this work, the size effect of ORR on N-doped GQDs was
studied based on density functional theory (DFT). Our results
show that the size of N-doped GQDs can alter the adsorption
strength of ORR intermediates, and also the overpotential
significantly. All the adsorption strength of ORR intermediates,
the reaction free energy of rate-determining step, and the
overpotential increase with the increasing size of GQDs.

Computational method

The spin-unrestricted DFT calculations are performed using
DMol® code, which uses numerical functions on an atom-
centered grid as its atomic basis.**** The generalized gradient
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approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
method is utilized as the exchange-correlation functional.* The
All Electron Relativistic (AER), which includes all core electrons
explicitly and introduces some relativistic effects into the core,
is adopted for the core treatment.” In addition, double
numerical plus polarization (DNP) is used as the basis set.** In
order to describe the van der Waals (vdW) interaction, the DFT +
D2 method within Grimme scheme is adopted.*” The conver-
gence tolerance of energy is 1.0 x 10~> Ha, maximum force is
0.002 Ha A™', and maximum displacement is 0.005 A in
geometry optimization.

Graphene is a crystalline allotrope of carbon consisting of
a single layer of carbon atoms arranged in a hexagonal lattice.
The packed carbon atoms bond with three neighbors through
sp” orbital hybridization. Recent investigations have shown that
the high catalytic activity of N-doped carbon materials mostly
contributes to the graphitic-type N-doped zigzag-shaped
edge.*®*** Thus, only graphitic-type N-doped GQDs are consid-
ered here. Three hexagonal GQDs with different sizes are con-
structed. The location of N dopants is important to the ORR
catalytic activity. The energy variation of different N-doped site
is described in ESI (Fig. S1 and Table S1t). N atoms prefer to
substitute the C atoms near the edge. This is consistent with
recent published papers.****> The most stable atomic struc-
tures of N-doped GQDs (named C,3H;,N, Cs3HigN and
CosH,,N) are shown in Fig. 1. The orthorhombic supercells with
dimension of 45 x 45 x 45 A® are constructed for N-doped
GQDs. Such large cells are required to eliminate the interac-
tions between GQDs in adjacent cells. The adsorption energy
(Eaq) values of ORR intermediates on N-doped GQDs are
calculated as Eag = Emol + En-gops — Emol-n-Gops) Where Epqj,
En.gaps, and Epoin-gops are the DFT energies of an isolated
adsorbate molecule, N-doped GQDs and the adsorption
systems, respectively. Based on these definitions, a positive Eyq
value denotes an exothermic adsorption process.

The reaction free energies (AG) of elemental steps involved
in ORR are calculated based on the computational hydrogen
electrode (CHE) model, developed by Ngrskov et al.**** The AG
for a elemental step is calculated as follows: AG = AE + AZPE —
TAS + AGy + AGpy, where AE is the reaction energy obtained
from DFT calculations, AZPE is the difference in zero point
energies, T is the temperature (7 = 298.15 K in this paper), and
AS is the change in entropy. The calculated electronic energies,
zero point energies, and entropy values of N-doped GQDs with

Fig. 1 Optimized structures of N-doped graphene quantum dots: (a)
Ca3H12N, (b) Cs3H1gN, and (c) CosHa4N.
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adsorbed ORR intermediates are summarized in Table S2 of
ESI.} The effect of the electrode potential on AG is quantified as
AGy = neU, where U is the electrode potential relative to the
standard hydrogen electrode and n is the number of electrons
transferred in the elemental steps. AGpy is related to the free
energy contributed from pH value, and AG,y = kgT In 10 x pH,
where kg is the Boltzmann's constant. pH is 0 in this work. A
conductor-like screening model (COSMO) is adopted to
describe the water solvent environment, and the dielectric
constant is set as 78.54 for water solvent.>

Results and discussion

Before the investigation of the ORR mechanisms, the adsorp-
tion properties of ORR intermediates on N-doped GQDs are
studied. Fig. 2 displays the energy favorable adsorption struc-
tures of ORR intermediates (O,, OOH, O, OH and H,0) on
N-doped GQDs. The E,q values of ORR intermediates are
summarized in Table 1. The bond lengths of O-C bond for
adsorbed ORR intermediates on N-doped GQDs are displayed in
Table S3 of ESI.T The adsorption of O, molecule is a prerequisite
for the ORR proceeded on the surface of electrocatalysts. It is
the first step in ORR progress, which always determines the
ORR catalytic active sites of N-doped carbon materials. As
shown in Fig. 2, the O, molecule prefers to adsorb on C atom
near doped N atom at the edge of N-doped GQDs. It is inter-
esting to note that the E,4 value of O, molecule increases from
0.24 eV on C,3H;,N to 0.48 eV on Cs3H;gN and 0.49 eV on
CosH,,N. This is agreement with the Mulliken charge pop-
ulation distribution for O, adsorbed on N-doped GQDs. The
quantities of charge transferred from the C atom to O, molecule
are quantified as 0.669, 0.686, and 0.693e for C,3H;,N, C53H;gN,
and CgsH,yN, respectively. Furthermore, the adsorption
strength of O, on N-doped GQDs is consistent with the bond
length of O-C bond in Table S2.7 It is clear that the stronger the
adsorption strength of O, is, the shorter the bond length
becomes.

Similar with O,, the favorable adsorption site of OOH, O and
OH also locates at the C atom near doped N atom. This is
consistent with previous reports about N-doped carbon nano-
tubes and graphene.*®*"*>** The adsorption strength of OOH, O
and OH also increases with the increase of the size of the N-
doped GQDs. Furthermore, the H,O molecule is only phys-
isorbed on the N-doped GQDs and can easily desorb from the
reaction site once it forms, which will be helpful to renew the
ORR catalysts.

Above results show that the size of N-doped GQDs has strong
effect on the adsorption of ORR intermediates. As demonstrated
by previous work on heterogeneous catalysts, the adsorption
strength of ORR intermediates plays a critical role in the activity
of ORR catalysts.””"*® The different adsorption strength of ORR
intermediates on N-doped GQDs may correspond to different
ORR kinetic properties.

Following the adsorption of O,, O, can be reduced to H,O
through four net coupled proton-electron transfer (CPET) steps.
The whole ORR process can be expressed as follows:>?>*61:>

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Favorable adsorption structures of ORR intermediates on C,3H1oN (a), CszHigN (b), and CgsHo4N (c).

Table 1 Adsorption energies (E,4) of ORR intermediates on N-doped
graphene quantum dots. Units are in eV

Eaa O, OOH o OH H,O
C,3H,N 0.24 1.45 4.06 2.69 0.18
Cs3H N 0.48 1.65 4.26 2.97 0.12
CosH,uN 0.49 1.65 4.27 3.00 0.13
Co4Hy4N, 0.79 1.68 4.63 3.01 0.14
CooH,uN, 0.84 1.56 4.75 2.88 0.16
0, +4H" +4de” +*>0, +4H" + de” (R1)

O, +4H" 4+ 4e- >OOH* + 3H" + 3¢~ (R2)

OOH* + 3H" + 3¢~ — O* + 2H" + 2¢” + H,O (R3)
O*+2H" + 2 + H,O > OH*+ H" +e¢” + H,O (R4)
OH*+ H'+e¢ + H,0 —» 2H,0 + * (R5)

This pathway has been proved to be energy favorable on
heteroatom-doped carbon materials with four CPET steps
involved in the ORR process. The AG values of these steps are
dependent on the electrode potential. The efficiency of the ORR
process can be determined by the AG of the rate-determining
step, which is the elemental step with the smallest AG in the
ORR pathway. Here, the overpotential n is used to describe
the catalytic activity of N-doped GQDs, which is defined as the
difference between the equilibrium potential of the ORR
process per step (1.23 V) and the lowest potential where the rate-

This journal is © The Royal Society of Chemistry 2018

determining step is downhill.> The smaller the overpotential,
the higher the activity of corresponding ORR catalyst.

Fig. 3 shows the free energy diagrams of ORR on N-doped
GQDs with different size. When electrode potential U equals
to 0V, the AG values of the five elemental steps involved in ORR
on C,3H;,N are calculated to be —0.35 eV for the adsorption of
0, molecule, —1.20 eV for the reduction of adsorbed O, mole-
cule to OOH, —1.87 eV for the reduction of OOH to form an
adsorbed O atom and the first H,O molecule, —1.06 eV for the
hydrogenation of O atom to OH, and —0.44 eV for the formation
of the second H,0 molecule, respectively. When the ideal
electrode potential U increases to 1.23 V, the energy level of each
net CPET step is shifted up by 1.23 eV. At U = 1.23 V, the AG
values of the five elemental steps are —0.35, 0.03, —0.64, 0.17,
and 0.79 eV, respectively. It can be seen that the formation of
the second H,O molecule is the rate-determining step which
represents the highest resistance for the whole ORR at high
potential. For the ORR on CszH;gN, the AG values of the five
elemental steps are calculated to be —0.28, —1.24, —1.89, —1.15
and —0.35 eV, respectively, at U= 0V, and —0.28, —0.01, —0.66,
0.08 and 0.88 eV, respectively, at U = 1.23 V. For ORR on
CosH 4N, the AG values of the five elemental steps are —0.42,
—1.26, —1.87, —1.19 and —0.18 eV, respectively, at U = 0 V, and
—0.42, —0.03, —0.64, 0.04 and 1.05 eV, respectively, at
U = 1.23 V. Similar to the ORR on C,3;H;,N, the rate-
determining steps of the ORR on Cs3H;sN and CosH,,N are
the formation of the second H,O molecule. This is consistent
with our recent work about the ORR on N-doped zigzag gra-
phene nanoribbons, where the rate-determining step also
locates the step of the formation of the second H,0 molecule.*

RSC Adv., 2018, 8, 531-536 | 533
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Fig. 4 Partial density of states (PDOS) of N-doped graphene quantum dots.

The overpotentials of N-doped GQDs are calculated to be
0.79, 0.88 and 1.05 V for CyH;,N, Cs3HygN and CosHy,N,
respectively, suggesting that C,3H;,N exhibits the best ORR
catalytic activity among the three N-doped GQDs from the
theoretical viewpoint. This is consistent with the adsorption
strength of ORR intermediates on N-doped GQDs. The AG value
of rate-determining step increases with the adsorption strength
on N-doped GQDs. The strong adsorption of ORR intermediates
will make it hard to break the C-OH bond and increase the AG
value of OH reduction to H,O.

We must keep in mind is that GQDs can be described as
macromolecules and are typically semiconductive with a clear

534 | RSC Adv., 2018, 8, 531-536
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Fig. 5 Optimized structures of N-doped CggH>4 graphene quantum

dots: (a)

C94H24N2, and (b) C92H24N4.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Schematic Gibbs free energy diagrams of ORR on Cg4H24N> (a), and CooH24N4 (b).

separation between the HOMO and LUMO orbits. We note that
the energy gap (E;) between the valence band maximum (VBM)
and the conduction band minimum (CBM) for N-doped GQDs
decreases from 2.502 eV of C,3H;,N to 1.171 eV of CysH,4N, as
shown in Fig. 4(a). The larger E, of C,3H;,N may have negative
effect on ORR due to their low electron conductivity.

Based on recent experimental results, it is well known that
the N concentration plays an important role in the catalytic
activity of carbon materials toward ORR.**** In order to study
the effect of the concentration of the graphitic-type N atoms on
the catalytic activity of ORR, we investigated the catalytic activity
of two graphitic-type N-doped GQDs with two and four N atoms
named Cg4H,,N, and Cg,H,4N, (shown in Fig. 5). The corre-
sponding schematic Gibbs free energy diagrams are shown in
Fig. 6. The favorable adsorption structures of ORR intermedi-
ates on Cy,H,,N, and Cy,H,,;N, are similar with those on
CosH,,N and are not shown again. Similar with ORR on
CosH,4N, the rate-determining step of ORR on Co,H,4N, and
CoH,4N, at high potential also locates at the step of the
formation of the second H,O molecule. The AG values of the
formation of the second H,O molecule at U = 1.23 V are
calculated to be 1.12 and 1.06 eV on Co H,,N, and Cg,H,,4N,,
respectively, which are consistent with that on CgsH,4N of
1.05 eV, suggesting that the concentration of graphitic-type N
atom near the edge does not influence the overpotential of
graphitic-type N-doped GQDs. This is agreement with compa-
rable adsorption strength of OH on CgsH,4N, CosH,4N, and
CooH,4N, (displayed in Table 1). Furthermore, the electronic
structures of N-doped GQDs with different N atoms are checked
and shown in Fig. 4(b). It is clear that the variation of the
electronic structures of N-doped GQDs is very small, suggesting
similar electrical conductivity. Although the concentration of
graphitic-type N atom does not affect the overpotential and
conductive property of GQDs clearly, enlarging the concentra-
tion of graphitic-type N atom can increase the number of active
sites undoubtedly.

Conclusion

In summary, based on DFT calculation, the ORR on N-doped
GQDs has been investigated systematically. It was found that

This journal is © The Royal Society of Chemistry 2018

N-doped GQDs with different size exhibits different catalytic
activity. As the size of N-doped GQDs increases, the adsorption
strength of ORR intermediates and the reaction free energy of
rate-determining step involved in the ORR increase. These
results could provide useful information to further develop
novel N-doped GQDs with high ORR catalytic activity.
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