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Heterojunction structure has been extensively employed for the design of novel catalysts. In the present
study, density functional theory was utilized to investigate the electronic structure and hydrogen
evolution performance of Ti3Cy02 MXene quantum dots/graphene (QDs/G) heterostructure. Results
show that a slight distortion can be observed in graphene after hybriding with QDs, due to which the
electronic structure of QDs have been changed. Associated with such QDs-graphene interaction, the
catalytic activity of TizC202 QDs has been optimized, leading to excellent HER, catalytic performance.

Keywords MXenes, quantum dots, density functional theory (DFT), hydrogen evolution

reaction (HER)

1 Introduction

Hydrogen energy is a clean and sustainable energy, which
can be a promising alternative for carbon-based fuels [1].
Hydrogen evolution reaction (HER) in elctrocatalytic wa-
ter splitting has the advantage of effectively producing
high purity hydrogen in comparison with natural gas re-
forming [2], without raising any carbon emission. Devel-
opment of high performance electrocatalysts to overcome
the drawbacks such as high overpotential and low effi-
ciency is highly demanded [3-5]. So far, the most active
catalysts for the HER are precious metals such as plat-
inum (Pt), palladium (Pd) and other noble metal ma-
terials [6-8]. Unfortunately, the scarcity of noble met-
als has hindered their large-scale industrial applications.
Therefore, the development of non-precious electrocata-
lysts with high catalytic activity and stability is necessary.

Recently, MXenes with OH, O, and F terminated func-
tional groups have aroused remarkable attention owing to
their excellent electrical conductivity, chemical stability
and abundant active catalytic sites [9, 10]; as a result,
MXenes have emerged as a novel family and been exten-
sively employed for various photo/electrochemical appli-
cations, such as HER [11-15], nitrogen reduction reaction
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(NRR) [16], CO3 reduction reaction (CO2RR) [17], and
battery [18]. The chemical formula of MXenes can be ex-
pressed as M,, 11X, T, (n = 1, 2 and 3), where M stands
for the transition metal, X represents the nitrogen or car-
bon or carbonitride, and T, represents surface functional
groups. Wang et al. firstly predicted the high HER ac-
tivity of transition metal-promoted VoCO2 [11]. Then a
comprehensive work combined theoretical and experimen-
tal study showed MoyCT,, exhibit high HER activity as
well as stability [12]. Following that, several groups were
dedicated to exploring more possible candidates for HER
catalyst among MXenes [13, 19-26], focusing on MXene
nanosheets and modifications. To further improve the per-
formance, MXenes with zero-dimension (0D), also known
as quantum dots (QDs), have been explored given QDs
offer abundant active edging sites. Photocatalytic CO4
conversion ability of CuyO nanowires can be enhanced by
MXene QDs [27]. Titanium carbide MXene QDs with high
near-infrared photothermal performances also studied for
cancer therapy [28]. Recently, hydroxyl-rich TizCoT,
MXene QDs have been rationally designed and synthe-
sized for electrochemical Ny reduction [29]. MXene QDs
can also be a good catalyst for HER, however, it is rarely
reported.

Inspired by these researches, we aimed to explore MX-
ene QDs as electrocatalysts for HER. Different from 2D
nanosheets, QDs prefer to aggregate if no constraint is
applied, which will remarkably reduce active sites and in-
crease phase/interface resistance. Therefore, QDs have to
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be smartly loaded on catalysts support, which can offer
large surface area, high conductivity and strong capacity
to fix QDs [30]. So far, however, the knowledge regarding
the interaction between MXene QDs and the substrate is
quite limited. Most recently, g-C3N,@QTizCy QDs were
reported as an efficient co-catalyst for photocatalytic Ho
production, which primarily ascribed to the fast photoex-
cited electrons transferring phenomenon between TigCsq
QDS and g—C3N4 [31] 2D/2D/0D T102/03N4/T1302
MXene composite was also demonstrated with excellent
COy reduction activity [32]. As stated in the literature,
low-dimensional materials often show quite different prop-
erties from their parent ones [33-36]. Therefore, a fun-
damental question would be what will happen when two
components with different dimensions are mixed to form
a heterojunction.

In this study, we put such general question in the con-
text of HER catalysis as this reaction is two-electron pro-
cess, whose mechanism has been extensively studied. In
our case, catalyst design starts from TizCoOy MXene
QDs as 0D component, which is loaded to graphene (G)
to generate a concept material, 0D/2D hybrid structure.
Graphene and TisCoO2 MXene QDs are employed be-
cause both have been synthesized readily in the lab, and
have been demonstrated as excellent functional materials
for a lot of applications [37-39]. Our interest is to clarify
the interaction between MXene QDs and graphene, focus-
ing on the electron transfer between two components and
its effect on the hydrogen evolution performance.

2 Computational methods

First-principles calculations were performed using Vienna
ab initio simulation package (VASP) within the frame-
work of density functional theory (DFT) [40]. Projector
Augmented Wave (PAW) was used to describe the in-
teraction between valence electrons and ionic core [41].
Generalized gradient approximation (GGA) with the re-
vised Perdew—Burke-Ernzerhof functional (RPBE) was
adopted to describe exchange-correlation functional ef-
fect [42]. Plane wave basis functions were expanded with
a cutoff energy of 450 eV. K-points were sampled using
6x6x1 Gamma mesh for density of states (DOS) and
3 x3 x1 for the structural optimization, respectively.
The thickness of the vacuum region is >15 A to avoid
the spurious interaction. All of the structures are opti-
mized until the forces exerted on each atom are less than
0.03 eV/A and the total energy less than 1075 eV. The van
der Waals interaction between non-bonding atoms was de-
scribed by empirical DFT-D3 [43, 44]. Hybrid functional
method (HSE06) was adopted to calculate the band struc-
tures [45]. Crystal orbital Hamilton population (COHP)
analysis was performed by LOBSTER software [46, 47].
For HER calculations, Gibbs free energy of the interme-
diate hydrogen adsorbed on the catalyst (AGq-) is critical
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to evaluate the catalyst activity [13, 48]. Gg+ can be ex-
pressed as

Gu- = AEy- + AEzpg — TASH,

where A Fy« is the adsorption energy of atomic hydrogens
on the given unit cell, AEz pg is the difference correspond-
ing to the zero point energy between the adsorbed hydro-
gen and hydrogen in the gas phase, and ASy is entropy
change associated with H* adsorption. The exchange cur-
rent at pH = 0 can be calculated based on Ngrskov’s as-
sumption as follows [48]:

1
19 =—ekg AGq- for Gg+ < 0,
14exp(— T )
]. A *
ig =—ekg AC exp( kG; ) for AGy- > 0,
1+exp(— T )

where ko is the rate constant, which equals to 200 s~! /site.

3 Results and discussion

MXene quantum dots (QDs) offer large amount of surface
defects and high surface specific area, generating abun-
dant active basal and edge sites, which can be used as high
performance electrocatalysts and photocatalysts [29, 31].
Generally, MXenes terminated by oxygen atom are ther-
modynamically preferred [21, 49]. As a typical 2D ma-
terials, graphene exhibits excellent electrical conductivity
and extremely high specific surface area; moreover, it has
been extensively explored as a support material to improve
electrocatalytic activity [50-53]. Specially, oxygen func-
tionalized TizCyT, MXene shows enhanced HER proper-
ties [26]. Therefore, Ti3Cy QDs with O surface functional
groups and graphene were employed to form a heterojunc-
tion in this study. After the relaxation of graphene, we
find that the interatomic distance between carbon atoms
is 0.142 nm and the angle is ~120°, which is consistent
with previous study [22]. Figure 1 shows the lattice struc-
ture of QDs/G heterostructure after structural optimiza-
tion. Compared with initial structure, a slight distortion

®

Fig. 1 Computational model for TizsCz QDs/G heterostruc-
ture. Top view (a) and side view (b) with carbon, oxygen
and titanium atoms shown as by dark gray, red and light gray
balls. The distance between QDs and graphene substrate is
indicated.
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Fig. 2 Calculated electronic structures of Ti3C202 QDs/G heterostructure. (a) PDOS profiles for total, QDs and graphene;

and (b) band structure. Fermi levels are set at 0 eV.

phenomenon can be observed in graphene after decorated
with QDs. Moreover, adsorption energy of TizCoO5 QDs
on graphene is —0.71 eV, indicating that QDs can be effec-
tively adsorbed by graphene, but the interfacial interac-
tion is not as strong as chemical bonding, being consistent
with calculated QD-graphene distance (3.04 A, see Fig. 1).

Then we turn to the electronic structure of QDs/G het-
erostructure. Projected density of states (PDOS) profiles
of graphene and TizCy05 QDs are shown in Fig. S1, re-
spectively. Graphene shows the classic zero-gap feature,
in good agreement with previous theoretical studies [54].
Band structure of graphene has been shown in Fig. S2,
also supporting the above results. Xie et al. reported
that Ti,41C, 02 is metallic except for TioCOq [55]. Both
surface terminations, size, and orientation can influence
MZXenes’ electronic structure [56]. As shown in Fig. S1(b),
TizCy QDs also show metallic features, which are benefi-
cial for electrocatalysis like HER as studied here. For sur-
face catalysis, electronic states being around Fermi level
often play the key role during the reactions [55]. For
TizCqy QDs, DOS at Eg is much higher than the ideal 2D
nanosheet [55], which can be attributed to the nano-size
effect, such as dangling bonds. PDOS and band structure
for Ti3Cy QDs/G heterostructure are shown in Figs. 2(a)
and (b), showing a band gap of 0.39 V. Thus, the elec-
tronic structure of graphene has been tuned by quantum
dots (band gap opening), which might open a new window
to develop high-tech 2D electronic devices.

In order to analyze the charge transfer between these
two components, differential charge was calculated, to-
gether with Bader charge analysis. As demonstrated be-
low, both differential charge and Bader analysis results
confirm that the interaction between these two compo-
nents is essentially weak van der Waals interaction and
polarization, being consistent with QD adsorption energy
shown above (—0.71 V). Figure 3(a) shows differential
charge density of Ti3C209 QDs/G heterostructure, where
the yellow and cyan represent electron accumulation and
depletion, respectively. Accordingly, O-terminals in QDs
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bring strong local electron accumulation, showing as neg-
atively charge center, which can change the homogeneous
m-bonding on graphene basal plane. As a result, electron
depletion area has been found (cyan), being surrounded by
negatively charged regions. As a result, only small amount
of electrons has been transferred between two components,
as demonstrated by Bader charge of §(graphene)a0 and
0(MXene QD) =~ 0. Such heterojunction nature can be
further vividly shown by calculated Electron Localization
Function [ELF, see Fig. 3(b)], in which almost no direct
bonding between graphene and QD is presented. There-
fore, the QD/graphene interaction is dominated by inter-
facial polarization.

Given QDs present non-bonding states (from lowly co-
ordinated oxygen), which can result in severe interfacial
polarization, it is worthy to further examine the C-O in-
teraction over the interface. Crystal orbital Hamilton pop-
ulation (COHP) method is a useful tool to visualize and
analyze chemical bonding [57]. To understand the origin
of the distortion of graphene after TizCoO5 QDs mod-
ification, the COHP curves were examined. As shown
in Fig. 4(a), significant antibonding C-O interactions at
Fermi level for initial configuration can be observed, re-

@ oo ®)
&eo

Fig. 3 Charge analysis. (a) Charge density difference for
TisC202 QDs/G heterostructure, with an isosurfaces beings
set to 0.0002 e/A3 in positive and negative mode, where the
yellow and cyan represent electron accumulation and depletion,
respectively, (b) ELF images for TizC202 QDs/G heterostruc-
ture.
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Fig. 4 O-C bond analysis using -pCOHP curve for TizC202 QDs/G heterostructure. Calculated -pCOHP profiles with
(a) before and (b) after structure optimization. The Fermi level is represented by the blue dash line. Positive and negative

—pCOHP indicate the bonding and antibonding states.

vealing that the configuration is not stable, which is the
driving force for QDs aggregation. According to Dron-
skowski’s researches, stable configuration can be obtained
through introducing vacancy or structural transformation,
etc. [57]. As revealed in Fig. 4(b), graphene was twisted,
and the antibonding state of its COHP disappears at
Fermi level, indicating a stabilization due to QD-graphene
interaction. Combining with calculated charge density dif-
ference, ELF and COHP, it is concluded that the electron-
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ically unfavorable situation for QDs and graphene can be
improved by the distortion of graphene, which leads to the
electron redistribution and electronic structure change.
Following the above analysis, it is worth investigating
what kind of effect will be generated for catalysis perfor-
mance. In our case, HER has been employed as a model
reaction for this purpose. Initially, the HER activity of
both TizCs05 QDs and heterostructure under standard
conditions are investigated. The vertical view and side
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Fig. 5 HER performance of TisC202 QDs and QDs/G heterostructure. (a) H* adsorption sites of TizC202 QDs, (b) H*
adsorption sites of TizC202 QDs/G heterostructure, (c) free energy diagram of HER processing on different site of TizC202
QDs and QDs/G heterostructure and (d) volcano curve of exchange current (ip) as a function of the Gibbs free energy of
hydrogen adsorption AGy. The subscript a and b in Tia, Tib, Oa and Ob are labelled in (a).
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Fig. 6 Calculated PDOS for Ti for (a) Ti3C202 QDs, (b) Tia and (c¢) Tia’ sites for TisC202 QDs/G heterostructure. Fermi
levels are set at 0 eV. Calculated d-band center for spin-up (black) and spin-down (red) are labelled in the figure, respectively.

view of TizC202 QDs are shown in Fig. 5(a). Gibbs free
energy of H* adsorption (AGy) on various sites of QDs,
such as Oa, Tia, Tib, Tic and Ca [labelled in Fig. 5(a)],
was calculated. Tia, Ca and Oa can be remained after
structural optimization. During the optimization, H ab-
sorbed on Tic site prefers to move to Oa site, and H
absorbed on Tib site also moves to Ca site, as demon-
strated by the energy change during geometry optimiza-
tion (see Fig. S3). Based on optimized geometries for H-
adsorption, calculated values of AGy for Tia, Ca and Oa
sites are —0.44, —0.78 and 0.57 eV, respectively. A key dif-
ference is that Ti-site is more favorable for H-adsorption,
rather than O-site as reported with ideal 2D MXenes [26].
For TizC202 QDs/G heterostructure, AGy of Tia site is
—0.21 eV, indicating that it is potentially an excellent cat-
alyst for the HER. It is worth noting that the Ezpg of
adsorbed state for all the systems obtained by vibrational
frequency calculation are quite different (Table S1). Ezpg
for O adsorption site is same as previous study that about
0.30 eV [13, 19]. However, Ezpp for Ti sites are slightly
smaller due to the fact that H is negatively charged in H-
Ti interaction, essentially different from that in the H-O
case as presented in ideal 2D MXene layers [13, 19].

To further compare the HER performance for different
active sites of studied materials, a volcano curve is plotted,
MoS; and WS, are supplied for comparison [Fig. 5(d)].
HER performance can be quantitatively evaluated by the
position of its ig and AGy values. The superior HER
catalysis properties can be obtained near the volcano peak.
The interactions of adsorbed H and Ca sites are too strong
with a large negative AGy of less than —0.70 eV, demon-
strating a low exchange current. AGg of Oa sites for
QDs and QDs/G heterostructure are 0.4-0.6 €V, which is
different from 2D TizCy02 MXenes [13, 58]. As a con-
trast, Tia site has been identified as the most suitable
side for HER catalysis, with AGy = —0.44 eV. Now we
turn to the QDs/Graphene heterojunction case. As shown
in Fig. 5(b), AGy over Ti-site is down to —0.21 eV (Tia)
and —0.30 ¢V (Tia’), both performing better than that
obtained from pure QDs. To understand this, Fig. 6 com-

pares d-orbital PDOS of Tia- and Tia’-site for QDs and
QDs/G heterostructure, with d-band centre being labelled
in unit of eV. Clearly, the d band center shifts towards the
deep-energy level by 0.4-0.5 eV due to the hybriding with
graphene support, which is beneficial to obtain prefer-
able H adsorb energy because the issue for QDs is that
H-Ti interaction is too strong [59, 60]. As a result, su-
perior HER properties can be achieved from this MXene
QDs/Graphene heterojunction.

4 Conclusions

In conclusion, we proposed QDs/graphene heterojunction
as a model 0D/2D catalyst and investigated the electronic
interaction between QDs and graphene. It is demon-
strated that the interaction is dominated by interfacial po-
larization, instead of chemical bonding. As a result, slight
distortion can be observed in graphene after being deco-
rated with QDs, which can be utilized to tune the elec-
tronic structure of QDs and graphene. Due to the zero-
dimension feature and interfacial interaction, TizCoOs
QDs/graphene shows excellent HER performance with
AGy of —0.21 eV. Following this prediction, it is expected
that 0D /2D heterojunctions, or more general multiple di-
mension designs, offer large space for rational design of
catalysts. Ongoing work is being under progress to fur-
ther improve HER performance by optimizing MXens QDs
with proper composition or/and computationally screen-
ing a variety of catalyst supports such as g-C3N,4 and phos-
phine.
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