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Abstract

Decorating single atoms of transition metals on MXenes to enhance the

electrocatalytic properties of the resulting composites is a useful strategy for

developing efficient electrocatalysts, and the mechanisms behind this enhance-

ment are under intense scrutiny. Herein, we anchored Co single atoms onto sev-

eral commonly used MXene substrates (V2CTx, Nb2CTx and Ti3C2Tx) and

systematically studied the electrocatalytic behavior and the mechanisms of oxy-

gen and hydrogen evolution reactions (OER and HER, respectively) of the result-

ing composites. Co@V2CTx composite displays an OER overpotential of 242 mV

and an HER overpotential of 35 mV at 10 mA cm�2 in 1.0 M KOH electrolyte,

which is much lower than for Co@Nb2CTx and Co@Ti3C2Tx, making it compa-

rable to the commercial noble metal Pt/C and RuO2/C electrocatalysts. The

experimental and theoretical results point out that the enhanced bifunctional

catalytic performance of Co@V2CTx benefits from the stronger hybridization

between Co 3d and surface terminated O 2p orbitals which optimized the elec-

tronic structure of Co single atoms in the composite. This, in turn, results in low-

ering the OER and HER energy barriers and acceleration of the catalytic kinetics

in case of the Co@V2CTx composite. The advantage of Co@V2CTx was further

validated by its high overall water splitting performance (1.60 V to deliver

10 mA cm�2). Our study sheds light on the origins of the catalytic activity of sin-

gle transition metals atoms on MXene substrates, and provides guidelines for

designing efficient bifunctional MXene-based electrocatalysts.
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1 | INTRODUCTION

Hydrogen is considered as a highly efficient and green
fuel in the context of transforming global economies
towards carbon net-zero.1–3 Electrochemical water split-
ting is a prospective method for hydrogen production,
which involves the hydrogen evolution reaction (HER,
H2O + e� ! OH� + H2) at the cathode and the oxygen
evolution reaction (OER, 4OH� - 4e� ! 2H2O + O2) at
the anode.3–6 The often-cited issue for both HER and
OER is their sluggish reaction kinetics which is caused
by multi-step reactions such as the adsorption and
desorption of reactive molecules, the transfer of electrons,
and the formation and diffusion of produced gases,6,7

which results in high overpotential for water splitting.
Therefore, the latter requires a much higher actually
applied voltage (�2.0 V) than the theoretical value
(1.23 V), which is also one of the reasons for lower effi-
ciency and higher cost for hydrogen generation.8 To over-
come those issues, it is imperative to develop highly
efficient and stable bifunctional electrocatalysts, acting
for HER and OER at the same time.

The use of single metal atoms has been considered as
an efficient way to develop new HER and OER catalysts.
Benefiting from the maximized utilization of catalytic
materials and highly exposed active centers,9,10 the use of
single-atom catalysts can compensate for the high cost and
scarcity of noble metals and improve the catalytic activity
of non-precious transition metals.11–14 As reported, the cat-
alytic activity and stability of single atoms strongly
depends on the nature of substrates,15,16 as the electronic
structure of single atoms can be influenced by interactions
with substrates.17–19 Optimum interaction between single
atoms and substrates can facilitate charge transfer and reg-
ulate the adsorption of intermediates.15,20 Therefore,
designing appropriate coordination environments between
the single atoms and substrates plays a crucial role in opti-
mizing the electronic structure of catalytic sites, and can
eventually enhance the HER and OER activity of the cata-
lyst. The ongoing studies focus on the selection rules of an
ideal substrate for the single atoms to fully utilize the syn-
ergistic catalytic effects in the resulting composites. Several
functional carbon-based materials, such as nitrogen-doped
carbon nanosheets10 and graphene,21 were applied as sub-
strates for supporting single atoms. One serious drawback
of those carbon materials however is their instability espe-
cially in alkaline electrolytes.

MXenes, a recently emerged class of two-dimensional
materials, have attracted tremendous interest as promis-
ing substrates for single-atom metal catalysts, due to their
superior electronic conductivity, high specific surface
area, high mechanical stability and hydrophilic proper-
ties.22,23 Up to now, more than 30 MXenes have been
reported, such as Ti3C2Tx,

24 Nb2CTx,
25 Nb4C3Tx,

26

V2CTx,
27 Mo2CTx,

28 Ta4C3Tx,
29 and so on. But only

Ti3C2Tx was commonly utilized so far as the substrate for
constructing single-atom electrocatalysts, because it is
easy to synthesize ultrathin nanosheets of this MXene,
and its structure is very stable.30 There is still a lack of
systematic investigations on the interaction mechanisms
between various MXenes substrates and the single atoms.
The electronic structure of transition metals decorated on
different MXenes would be influenced by mutual interac-
tions, thus regulating their electrocatalytic activity and
stability.

Herein, we systematically studied the electronic struc-
ture and the electrocatalytic activity of the composites
produced by anchoring Co single atoms onto three differ-
ent MXenes, namely V2CTx, Nb2CTx and Ti3C2Tx by pho-
tochemical reduction process. Benefiting from a stronger
hybridization that occurred between Co 3d and surface
terminated O 2p orbitals in the Co@V2CTx composite,
more electrons transferred from Co to V2CTx. As com-
pared with Co@Nb2CTx and Co@Ti3C2Tx composites,
Co@V2CTx displays smaller OER and HER overpoten-
tials of 242 and 35 mV at 10 mA cm�2 in 1.0 M KOH
electrolyte, respectively. Moreover, the water splitting
electrolyzer employing Co@V2CTx as both the cathode
and anode operates at a rather small potential of 1.60 V
and remains stable for up to 10 h with negligible degrada-
tion. Gibbs free energies for each step in the OER and
HER pathway, the projected density of states (PDOS),
and the Bader charges were calculated to unveil the elec-
trocatalytic enhancement mechanism operative in the
Co@V2CTx composite. Based on the Gibbs free energy
variation for the rate-determining step, the calculated
OER overpotential of Co@V2CTx (1.78 eV) is much smal-
ler than that of Co@Nb2CTx (1.91 eV) and Co@Ti3C2Tx

(2.49 eV), indicating favorable transformation from *O to
*OOH during the OER. Moreover, the Gibbs free energy
of hydrogen adsorption of Co@V2CTx (0.31 eV) is much
smaller than that of Co@Nb2CTx (0.38 eV) and
Co@Ti3C2Tx (0.43 eV), suggesting the faster formation
and release of molecular hydrogen in Co@V2CTx.
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2 | RESULTS AND DISCUSSION

An iced photochemical reduction method was used for
anchoring Co single atoms onto MXene substrates, result-
ing in Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx compos-
ites. As illustrated in Figure 1A and (in more detail) in
Figure S1, Al layers in the MAX (A = Al) precursors
V2AlC, Nb2AlC and Ti3AlC2 were etched away in an acidic
solution (LiF-HCl) to produce respective MXenes. Then, a
frozen aqueous CoCl2 solution (0.3 mg ml�1) in a form of
ice cubes was added into aqueous MXene solutions
(0.5 mg ml�1), and kept at 0�C for 1 h. Under these

conditions, Co2+ cations could be slowly released from
CoCl2 containing ice cubes and delivered towards MXene
substrates at a low concentration, which effectively
inhibits nucleation of undesired Co nanoclusters.31,32 After
slow melting for 1 h and removal of remaining ice cubes,
the residual mixture was exposed to UV light (254 nm,
10 W) for 1 h, which made Co2+ ions be reduced and
deposited as single atoms on the MXene substrates, as we
will demonstrate below. As seen from the X-ray diffraction
(XRD) data provided in Figure 1B, MXenes of V2CTx,
Nb2CTx and Ti3C2Tx show distinctly different diffraction
patterns in which 002 peaks of MXenes are inclined to

FIGURE 1 (A) Schematic illustration of the fabrication of the Co@MXene composites on an example of V2CTx; more details are

provided in Figure S1. (B) XRD patterns of the MAX precursor materials (V2AlC, Nb2AlC and Ti3AlC2), shown together with the resulting

MXenes V2CTx, Nb2CTx, and Ti3C2Tx. (C) SEM image of V2CTx. (D) TEM image of a fragment of Co@V2CTx composite. (E) HRTEM image

of a fragment of Co@V2CTx composite with the corresponding SAED pattern shown in the inset; a characteristic lattice distance of V2CTx

equal to 0.24 nm is indicated. (F) HAADF-STEM image of the surface of Co@V2CTx, with bright spots corresponding to single-atoms Co

marked by red circles. (G) Elemental mapping of V, O, and Co in the Co@V2CTx composite obtained by EDX analysis. EDX, energy

dispersive X-ray; HAADF-STEM, high-angle annular dark-field scanning transmission electron microscopy; XRD, X-ray diffraction

ZHAO ET AL. 3 of 12
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shift towards smaller angle compared with their precursor
MAX phases after acidic etching. Generally, the crystalline
interlayer spacing of the MXenes could be influenced by
many factors, such as M-A bond energy, surface functional
groups, etching conditions, intercalants, and so on.33–35 In
this work, interlayer spacing of V2AlC is found to be smal-
ler than that of Nb2AlC, but the corresponding interlayer
spacing of V2CTx is larger than that of Nb2AlC. This may
be caused by weaker V-Al bond energy in V2AlC, where
more Al atomic layers have been exfoliated during the
etching process.35 A representative scanning electron
microscopy (SEM) image of V2CTx provided in Figure 1C
shows that this MXene possesses a typical accordion-like
structure of well-dispersed nanosheets. As a result of the
subsequent UV light irradiation, Co2+ ions were reduced
and Co atoms were anchored on the V2CTx substrate
forming the Co@V2CTx composite (Figure 1D–G).
Figure 1E demonstrates that the (100) lattice plane is
exposed in this composite, with a characteristic lattice dis-
tance of V2CTx equal to 0.24 nm.36 The selected area elec-
tron diffraction (SAED) pattern shown in the inset of
Figure 1E indicates that the nanosheets were single crys-
talline and retained the hexagonal atomic arrangement of
V2CTx. As can be seen from the image of the Co@V2CTx
composite (Figure 1F) obtained using the high-angle
annular dark-field scanning transmission electron micros-
copy (HAADF-STEM), a large number of well-isolated
bright spots are present all over the surface, which corre-
spond to Co single atoms. XRD patterns of Co@MXenes
show no Co metal peaks, which also suggests the high
degree of dispersion of Co single atoms as shown in
Figure S2. Moreover, the elemental mapping performed in
the HAADF using energy dispersive X-ray (EDX) analysis
(Figure 1G) confirms the presence of the Co element
evenly distributed over V2CTx. As confirmed by Figure S3
(HRTEM and HAADF-STEM images) and Figure S4 (ele-
mental mapping distribution), Co single atoms are also
present and are evenly distributed on Nb2CTx and Ti3C2Tx
substrates. The Co contents are measured to be 1.58, 1.63,
1.61 wt% for Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx by
inductively coupled plasma optical emission spectrometry
(ICP-OES), respectively. The three MXenes were synthe-
sized under the same synthesis process, which ensured
their similar surface coordination environment and thus
led to the uniform distribution of Co single atoms on the
substrates.37–40 We conclude that the photochemical
reduction of Co2+ ions, which are slowly released from the
ice cubes containing CoCl2 and are subjected to UV light
irradiation results in the formation of Co@V2CTx,
Co@Nb2CTx and Co@Ti3C2Tx composites with Co single
atoms decorated over their surface.

The electronic structure of Co single atoms can be
potentially influenced by the MXene substrates. We used

a combination of extended X-ray absorption fine struc-
ture (EXAFS) measurements and X-ray photoelectron
spectroscopy (XPS) in order to analyze the electronic
states of the Co element in the three obtained Co@M-
Xene composites. Figure 2A shows the EXAFS spectra of
Co K-edge in the three Co@MXenes, with reference spec-
tra of Co foil and Co3O4 included for comparisons. The
K-edge position of Co in Co@V2CTx shows an obvious
positive shift comparing with that of Co in Co@Nb2CTx

and Co@Ti3C2Tx (see also Figure 2B), which proves that
Co in Co@V2CTx has a higher valence state. This obser-
vation is consistent with the XPS results presented in
Figure S5, where the Co 2p peak in Co@V2CTx shifts
towards a higher binding energy state comparing with
that of the Co metallic nanoparticles.41–43 At the same
time, the Co 2p peaks in XPS spectra of Co@Nb2CTx and
Co@Ti3C2Tx show much smaller shifts. The binding
energy of V O, Nb O and Ti O of O 1 s in Co@MXenes
decreased further validating the electron transfer from
the Co to MXenes via the O bonds, which promotes
the initial step of water dissociation (Figure S6).44–46

Moreover, the main XPS peak of V 2p in Co@V2CTx

exhibits a slightly positive shift comparing with that in
V2CTx (Figure 2G).11,47,48 At the same time, in the Nb 3d
of Co@Nb2CTx and Ti 2p of Co@Ti3C2Tx XPS spectra,
Nb and Ti experience an obvious valence increase on
average compared with V in Co@V2CTx (Figure 2H,I).49

This certifies that V was partially oxidized after anchor-
ing Co single atoms, which should be caused by the elec-
tron transfer from V2CTx to surface terminated O. The
observed variation of the electronic states in Co@MXenes
confirm that Co single atoms can redistribute local
charge density at the interface between the single-atom
Co and MXenes.

We further analyzed the local coordination environ-
ment of Co single atoms in all three Co@MXenes com-
posites. The Fourier transform (FT) curves of k3-
weighted Co K-edge EXAFS (Figure 2C) show the exis-
tence of Co-O bonds at 1.63 Å and Co-O-V/Nb/Ti bonds
at 3.34 Å, similarly.50 The Co–Co bond (2.12 Å) in metal-
lic Co foil (Figure S7) is different, which confirms that Co
indeed exists in the state of single atoms in Co@MXenes
composites. Moreover, Morlet wavelet transform (MWT)
analysis based on the k3-weighted Co K-edge EXAFS
spectra was performed, because MWT images can illus-
trate the local environment of metallic sites correspond-
ing to the multiple scattering signals from neighboring
atoms in the lattice structure.51,52 Two maxima were
observed in the MWT images of Co in all three Co@M-
Xenes (Figure 2D–F), which correspond to the first two
coordination shells of O and transition metals (V, Nb, Ti)
surrounding the Co atoms. Moreover, the MWT images
of Co@MXenes are completely different from those of Co
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foil, Co3O4 and CoO presented in Figure S8. All these
results suggest that the local environmental structure of
Co single atoms can indeed be influenced by MXene sub-
strates, which could potentially adjust their electrocataly-
tic activity in a different degree, as will be demonstrated
below.

The OER performance of the three Co@MXenes was
evaluated in a N2-saturated 1.0 M KOH electrolyte using
a standard three-electrode system, and compared with
the counterparts of pristine MXenes and commercial
RuO2 electrodes. Comparing with pristine MXenes, each
of Co@MXenes composites displays smaller OER overpo-
tential (Figure S9a), which should originate from the syn-
ergistic effect between the Co single atoms and the

MXene substrates in the composites. As can be seen from
the OER linear sweep voltammetry (LSV) curves pre-
sented in Figure 3A, Co@V2CTx possesses an OER over-
potential of 242 mV at current density of 10 mA cm�2,
which is superior to that of Co@Nb2CTx (310 mV), com-
mercial RuO2 (377 mV) and Co@Ti3C2Tx (388 mV). The
corresponding Tafel slope (Figure 3B) of Co@V2CTx

(90.4 mV dec�1) is also smaller than that of Co@Nb2CTx

(100.2 mV dec�1) and Co@Ti3C2Tx (109.2 mV dec�1),
indicating the rapid OER catalytic kinetics of the
Co@V2CTx electrode in the alkaline electrolyte. Electro-
chemical impedance spectroscopy (EIS) has been applied
to evaluate the charge transfer resistance of three Co@M-
Xenes electrodes. As can be seen from the Nyquist plots

FIGURE 2 (A) Extended X-ray absorption fine structure (EXAFS) spectra of Co K-edge for Co@V2CTx, Co@Nb2CTx, Co@Ti3C2Tx, with

reference spectra of Co foil and Co3O4 included for comparison. Frame (B) shows an enlargement of the selected region in (A) for better

visualization. (C) k3-weighted Fourier transform (FT) of Co K-edge EXAFS of Co@V2CTx, Co@Nb2CTx, Co@Ti3C2Tx. Morlet wavelet

transform (MWT) images of Co K-edge EXAFS of (D) Co@V2CTx, (E) Co@Nb2CTx, and (F) Co@Ti3C2Tx. High-resolution XPS spectra of

(G) V 2p in Co@V2CTx and V2CTx; (H) Nb 3d in Co@Nb2CTx and Nb2CTx; (I) Ti 2p in Co@Ti3C2Tx and Ti3C2Tx. The measured spectra are

deconvoluted into individual peaks assigned to different valence states of V, Nb and Ti

ZHAO ET AL. 5 of 12
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and the equivalent circuit presented in Figure 3C,
Co@V2CTx shows the smallest charge transfer resistance
(Rct = 37.3 Ω) as compared to Co@Nb2CTx (53.2 Ω) and
Co@Ti3C2Tx (62.9 Ω), which further confirms the effi-
cient charge transfer kinetics of Co@V2CTx during the
OER process. In addition, electrochemically active sur-
face areas (ECSA) were evaluated based on the

electrochemical double-layer capacitance (Cdl) recorded
in the non-Faradaic region at different scan rates in
1.0 M KOH for Co@MXenes and MXenes (Figure 3D
and Figure S10). The Cdl value for Co@V2CTx is
113.5 mF cm�2, which is much larger than for Co@
Nb2CTx (99.8 mF cm�2), Co@Ti3C2Tx (91.1 mF cm�2),
V2CTx (68.6 mF cm�2), Nb2CTx (45.0 mF cm�2), and

FIGURE 3 (A) OER LSV curves of Co@V2CTx, Co@Nb2CTx, Co@Ti3C2Tx and RuO2 electrodes at 5 mV s�1. (B) Tafel slopes of

Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx electrodes. (C) EIS Nyquist plots of Co@V2CTx, Co@Nb2CTx, and Co@Ti3C2Tx with the

corresponding equivalent circuit shown in the inset. (D) Cdl values of Co@V2CT, Co@Nb2CTx, Co@Ti3C2Tx, V2CTx, Nb2CTx and Ti3C2Tx.

(E) OER overpotentials at current density of 10 mA cm�2, and Tafel slops of the three listed electrocatalysts. (F) OER chronopotentiometry

response of three listed electrodes at current density of 10 mA cm�2. (G) HER LSV curves of Co@V2CTx, Co@Nb2CTx, Co@Ti3C2Tx and

Pt/C electrodes at 5 mV s�1. (H) Tafel slopes of Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx electrodes. (I) HER chronopotentiometry

response of three listed electrodes at current density of 10 mA cm�2. EIS, electrochemical impedance spectroscopy; HER, hydrogen

evolution reaction; LSV, linear sweep voltammetry; OER, oxygen evolution reaction

6 of 12 ZHAO ET AL.
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Ti3C2Tx (42.6 mF cm�2); this suggests that more active
sites in Co@V2CTx were exposed and utilized in the
OER. Thus, we conclude that the OER performance in

Co@MXenes composites follows the trend of Co@
V2CTx > Co@Nb2CTx > Co@Ti3C2Tx (Figure 3E). Stabil-
ity is yet another crucial criterion to evaluate the

FIGURE 4 (A) The optimized configurations of Co@V2CTx showing chemisorption of three intermediates in the OER process in

alkaline solution. Reaction steps are provided underneath. (B) Calculated free energy diagrams (at an equilibrium potential of 0 and 1.23 V)

showing overall OER pathways of Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx electrocatalysts. (C) Calculated Gibbs free energies of hydrogen

adsorbed on Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx electrocatalysts. (D) Calculated Bader charges of metallic Co, and of Co single atoms

on Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx. (E) Calculated PDOS of the Co d-band and O p-band for Co@V2CTx, Co@Nb2CTx and

Co@Ti3C2Tx, the hybridization areas are marked by arrows for each case. OER, oxygen evolution reaction; PDOS, projected density of states
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performance of electrocatalysts. We studied catalytic
durability of the three Co@MXenes at 10 mA cm�2, and
found out that they show comparable stability in the
chronopotentiometry response for 10 h (Figure 3F).

In the context of developing efficient bifunctional elec-
trocatalysts, the HER performance of Co@V2CTx,
Co@Nb2CTx and Co@Ti3C2Tx electrodes was also ana-
lyzed and compared with pristine MXenes and the com-
mercial Pt/C electrode. Each Co@MXene composite
shows obviously enhanced HER performance as compared
with the corresponding pristine MXenes (Figure S11). As
can be seen from the HER LSV curves presented in
Figure 3G, Co@V2CTx has an HER overpotential of
35 mV at 10 mA cm�2, which is by 60 and 182 mV smaller
than that of Co@Nb2CTx (95 mV) and Co@Ti3C2Tx
(217 mV), and it is only 10 mV larger than that of the com-
mercial Pt/C electrode (25 mV). Moreover, the Tafel slope
(Figure 3G) of Co@V2CTx (109.1 mV dec�1) is much smal-
ler than that of Co@Nb2CTx (143.7 mV dec�1) and
Co@Ti3C2Tx (170.3 mV dec�1), confirming its superior
HER catalytic kinetics in the alkaline electrolyte. In addi-
tion, all the three Co@MXenes composite electrodes dis-
play a long-term stability with no obvious decline in HER
performance for over 10 h (Figure 3I). We can conclude
that the OER and HER performances of Co@MXene com-
posites studied here are very much comparable with
recently reported MXenes-based catalysts, as summarized
in Tables S1, S2 and S3. Comparing with the pristine
MXenes, the synergistic effect between Co and MXene
substrates has ensured the optimized electronic structure
of Co as active sites, which resulted in the enhanced HER
and OER performance.53–55

In order to unveil the catalytic enhancement mecha-
nism in HER and OER catalytic reactions with
Co@V2CTx, we performed density functional theory
(DFT) calculations of adsorption energies and electronic
structures on the three studied Co@MXenes.56,57 Struc-
tures of Co@V2CTx Co@Nb2CTx and Co@Ti3C2Tx with
oxygen-containing intermediates O*, HO*, and HOO* are
illustrated in Figure 4A and Figure S12. In Figure 4B, we
provide the Gibbs free energy diagrams of the three cata-
lysts for OER when single-atom Co is the optimum active
sites.58–60 Therefore, the maximized Gibbs free energy
change (ΔG) is the rate-determining step (RDS). As
shown in the OER energy diagram presented in
Figure 4B, the RDS for Co@V2CTx is the transfer from
*O to *OOH with ΔG value of 1.78 eV, while ΔG values
for the RDS for Co@Nb2CTx and Co@Ti3C2Tx are 1.91
and 2.49 eV, respectively. Additionally, we investigated
the Gibbs free energy for OER with the three transition
metals (V, Nb, Ti) serving as active sites in Co@MXenes
(Figure S13). ΔG values of the RDS for Co@V2CTx,
Co@Nb2CTx and Co@Ti3C2Tx are 1.86, 3.63 and 2.57 eV,

respectively, which are larger comparing with that of Co
as an active site. This can slow down and even block the
O2 evolution, suggesting a more favorable OER kinetics
for Co sites.61 It appears that Co indeed can serve as a
preferential catalytic active site on the Co@MXenes,
which is consistent with previous reports.58,59 Moreover,
Gibbs free energies of hydrogen adsorption (ΔGH*) for
three Co@MXenes were also calculated and are shown in
Figure 4C. Co@V2CTx exhibits lower value of ΔGH*

(0.31 eV) compared to Co@Nb2CTx (0.38 eV) and
Co@Ti3C2Tx (0.43 eV), suggesting the faster formation
and release of molecular hydrogen in Co@V2CTx.

To understand the catalytic mechanism, we further
calculated Bader charges of the three electrocatalysts in
order to analyze the electron transfer between Co and
MXene substrates. Figure 4D displays the Bader charges of
Co on three different MXenes and on metallic Co for com-
parison. Bader charge decreases from nine in the metallic
Co to 8.01 in Co@V2CTx, which indicates that almost one
electron on average is transferred to the substrate; this is
more than in the case of Co@Nb2CTx and Co@Ti3C2Tx.
This indicates that Co in Co@V2CTx has a higher valence
state compared to Co@Nb2CTx and Co@Ti3C2Tx, which is
consistent with the EXAFS data. While the electron trans-
fer for Co@Nb2CTx (0.81 eV) is less than that of Ti3C2Tx

(0.92 eV) due to a longer Co-O band length in
Co@Nb2CTx, which is about 1.966 Å comparing with that
of Co@V2CTx (1.869 Å) and Co@Ti3C2Tx (1.936 Å). So the
interaction between the Co and substrates is not only
decided by redox process, but also influence by the result-
ing strong electrostatic interaction.62

PDOS were also calculated for the three Co@MXenes.
We compared the PDOS of Co 3d with the nearest neigh-
boring three O 2p orbitals which have large overlap at the
energy range of �8 to 5 eV in Figure 4E. The results sug-
gest that the Co and O in Co@V2CTx possess a stronger
hybridization comparing with that in Co@Nb2CTx and
Co@Ti3C2Tx. The hybridization will cause the Co 3d
orbital change and electron structure redistribution. In
addition, for all the three Co@MXenes, the PDOS of Co
3d cross over the Fermi level (Figure S14), further verify-
ing that the interface between Co atoms and MXenes
enhances the electron transfer.63 When the d-band center
is close to Fermi level, adsorption for hydroxide intermedi-
ates will increase, and conversely it would be difficult to
release the intermediates and promote the process toward
the next steps.64,65 As shown in Figure S14, Co@V2CTx
has its d-band center at �1.65 eV as indicated by the pur-
ple arrow, which is an intermediate position as compared
to Co@Nb2CTx (�1.60 eV) and Co@Ti3C2Tx (�1.95 eV).
This demonstrates a moderate binding energy of
Co@V2CTx, which facilitates the adsorption/desorption of
reaction intermediates (Figure 4A) and reduces the energy
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barriers for both OER and HER (Figure 4B,C).63,66,67 In
addition, the total DOS of Co@V2CTx around its Fermi
energy level is larger than that of Co@Nb2CTx and
Co@Ti3C2Tx, which is mainly contributed by V atoms
(Figure S15). Thus, Co@V2CTx has a higher electron cloud
distribution, which results in a higher electroconductiv-
ity.68 From the combined results on Bader charge and
DOS, we can conclude that the observed electron modula-
tion at the interface between the single-atom Co and
V2CTx allows for more efficient transfer of electrons from
Co atoms to MXenes substrates. This is equivalent to oxi-
dizing Co site into a higher valence state, which acceler-
ates both OER and HER processes.69,70

Figure 5A shows OER and HER polarization curves of
Co@V2CTx, Co@Nb2CTx and Co@Ti3C2Tx composites col-
lected using above three-electrode configuration, from
which the potential difference (ΔV) between OER and
HER at 10 mA cm�2 has been derived. The Co@V2CTx
electrode shows the smallest ΔV (1.51 V) among
Co@Nb2CTx (1.64 V) and Co@Ti3C2Tx (1.71 V), which
demonstrates its better bifunctionality in water splitting.
An overall water-splitting device has been assembled using
Co@MXenes as both cathodes and anodes (Figure 5B). As
can be seen from polarization curves for the overall water
splitting (Figure 5C), Co@V2CTx required a rather low cell

voltage of 1.60 V to reach the current density of
10 mA cm�2, which is smaller than for Co@Nb2CTx
(1.73 V) and Co@Ti3C2Tx (1.80 V), and comparable to the
combination of the optimal commercial Pt/C//RuO2 water
splitting electrocatalysts (1.56 V, see Figure S16). The
release of H2 and O2 bubbles can be observed from photo-
graphs of both electrodes (insets in Figure 5B). Co@V2CTx
exhibits high electrolysis energy efficiency about 92.5% at
10 mA cm�2, compared to Co@Nb2CTx (85.5%) and
Co@Ti3C2Tx (82.2%). In addition, the Co@V2CTx electrode
also displayed superior long-term stability with a negligi-
ble overpotential loss in the course of the overall water
splitting for 10 h (Figure 5D).

3 | CONCLUSIONS

To conclude, Co single atoms were anchored via a facile
photochemical reduction method on three different
MXenes substrates, namely V2CTx, Nb2CTx, and Ti3C2Tx

in order to produce Co@MXene composite electrodes. As
compared with Co@Nb2CTx and Co@Ti3C2Tx, the
Co@V2CTx electrode delivered remarkable OER (242 mV
at 10 mA cm�2) and HER (35 mV at 10 mA cm�2) perfor-
mance. The experimental and theoretical results

FIGURE 5 (A) OER and HER polarization curves of Co@V2CTx, Co@Nb2CTx, Co@Ti3C2Tx, with respective ΔV values indicated.

(B) Illustration of the overall water splitting device, where insets are photographs of two Co@MXene electrodes which were used for OER

and HER. (C) LSV polarization curves of three bifunctional Co@MXene electrodes in 1.0 M KOH in the overall water splitting at a scan rate

5 mV s�1. (D) Long-term durability of three bifunctional Co@MXene electrodes during the overall water splitting at a current density of

10 mA cm�2. HER, hydrogen evolution reaction; LSV, linear sweep voltammetry; OER, oxygen evolution reaction
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demonstrated that higher electron transfer can be found
in Co@V2CTx, resulting in redistribution of the electronic
structure of Co which lowers the energy barriers of the
rate-determining steps during both OER and HER pro-
cesses for the Co@V2CTx electrode. The overall water
splitting device with Co@V2CTx as both cathode and
anode displayed a low cell voltage of 1.60 V to reach
10 mA cm�2 with a reasonable durability. Our study
sheds light on the origins of the catalytic activity of single
transition metals atoms on MXene substrates, and pro-
vides guidelines for designing efficient bifunctional
MXene-based electrocatalysts.
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