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Performance Oxygen Evolution
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Abstract: Free-standing flexible films, constructed from two-
dimensional graphitic carbon nitride and titanium carbide
(with M Xene phase) nanosheets, display outstanding activity
and stability in catalyzing the oxygen-evolution reaction in
alkaline aqueous system, which originates from the Ti-N,
motifs acting as electroactive sites, and the hierarchically
porous structure with highly hydrophilic surface. With this
excellent electrocatalytic ability, comparable to that of the state-
of-the-art precious-/transition-metal catalysts and superior to
that of most free-standing films reported to date, they are
directly used as efficient cathodes in rechargeable zinc-air
batteries. Our findings reveal that the rational interaction
between different two-dimensional materials can remarkably
promote the oxygen electrochemistry, thus boosting the entire
clean energy system.

Developing highly efficient and cost-effective electrocata-
lysts for the oxygen-evolution reaction (OER) is of great
significance, since the OER is coupled with key clean energy
systems like electrolytic/solar water splitting and recharge-
able metal-air batteries."? However, the prohibitive costs
and scarcity of the precious metals used as OER catalysts (e.g.
IrO,, RuO,) limit the large-scale commercialization of these
technologies.’! Thus, extensive efforts have been directed to
non-precious-metal catalysts (NPMCs),**! in which metal—
nitrogen—carbon (Me-N-C) materials are particularly attrac-
tive because of their excellent electroactivity, strong durabil-
ity, and easy fabrication, and the transition metals promoted
by N ligation forming Me-N, species are widely assumed to
boost oxygen electrochemistry."® They are prepared by
pyrolysis of precursors comprising transition metals and N-
containing ligands (on conductive carbon supports if neces-
sary), resulting in metal centers coordinated by macrocycles
(e.g. phthalocyanine),”) polymers (e.g. polyaniline),'*!l or
graphitic structures (e.g. N-doped carbon nanotubes).!>!]
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However, thermolysis at high temperature is required,
which results in powdery catalysts needing complex post-
processing before their use in real devices.

Recently a new family of two-dimensional (2D) layered
metal carbides/carbonitrides, labeled as MXene to underline
its similarity to graphene, has triggered great research
enthusiasm. It is synthesized by etching of A from the
MAX phase (M,,,;AX,, where M denotes early transition
metal, A denotes a main group 3 or main group 4 element,
and X denotes C or N),"*1] for example, titanium carbide
(Ti;C,) derived from Ti;AlC,. MXene materials possess
a hydrophilic surface, excellent electrical conductivity, and
good structural/chemical stability,'*!” an uncommon combi-
nation that is highly promising for electrocatalysis. Sonica-
tion-assisted exfoliation of MXene produces the single-layer
and few-layer nanosheets, which can further yield free-
standing films through filtration,">'”! cold pressing,'® or
rolling." In spite of the rich chemistry and unique morphol-
ogy of MXene, its applications are restricted to supercapaci-
tors and lithium-ion batteries for electricity storage.™"! On
the other hand, graphitic carbon nitrides (g-C;N,) with
ultrahigh N content, stable and tailorable 2D layered
structures™® 2 have been widely investigated as the host for
metal species, showing outstanding electrocatalytic and
photoelectrocatalytic activity,”'*! which originates from the
interaction between the N-rich network and metal centers.
Therefore, coupling g-C;N, and MXene for high-performance
electrocatalysis is expected by taking advantage of their
similar 2D geometry and Me-N, interaction between them.

Herein, the hybrid film (TCCN) of overlapped g-C;N, and
Ti;C, nanosheets is designed as a highly efficient oxygen
electrode. Ti;C, is coupled with g-C;N, through Ti-N,
interaction, forming a porous free-standing film with hydro-
philic surface and conductive framework, which exhibits
excellent performance in catalyzing the OER and in Zn-air
batteries.

The TCCN film was prepared by homogeneous assembly
of Ti;C, and g-C;N, nanosheets (Figure 1a). Dense Ti;AlC,
particles (MAX) were first etched by HF to extract Al species,
generating Ti;C, (MXene) with a loosely packed accordion-
like structure as observed by scanning electron microscopy
(SEM, Figures S1a-c and S2 in the Supporting Information).
Disappearance of the most intense diffraction peak of Ti;AIC,
at 39° (2 0) and the shift of (001) peaks, for example, (002) and
(004), to lower angles on the X-ray diffraction (XRD)
patterns indicate the transformation of Ti;AlC, to Ti;G,
(Figure 1b).1"13 The obtained Ti;C, was mixed with bulk g-
C;N,, then subjected to sonication-assisted exfoliation, during
which homogeneously blended g-C;N, and Ti;C, nanosheets
were obtained by breaking the weakened interlayer inter-
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Figure 1. a) Fabrication of the porous TCCN film. b) XRD patterns of
Ti;AlC,, Ti;C,, g-C;N,, and TCCN. ¢) Particle size distributions of the
Ti,C, dispersion and the mixed dispersion of Ti,C, and g-C;N, after
exfoliation. inset in panel c) AFM images of exfoliated Ti;C, and g-C;N,
nanosheets.

actions (e.g. hydrogen bonds) in their bulk phases.'*** The
successful exfoliation of Ti;C, and g-C;N, is first revealed by
the nanosheet morphology observed by SEM (Figure S1d—f)
and AFM (Figure 1c inset) imaging, showing a thickness of
5.5 and 3.0 nm, respectively. It is also evidenced by the formed
stable colloidal solution with obvious Tyndall scattering effect
(Figure S3), in which the peaks at 580 and 170 nm in the
particle size distribution curves are ascribed to the exfoliated
Ti;C, and g-C;N,, respectively (Figure 1c). Driven by the
subsequent directional flow caused by vacuum suction, mixed
Ti;C, and g-C;N, nanosheets were prone to the layer-by-layer
self-assembly on the filter membrane surface to afford
a hybrid film.”! Characteristic structural features of Ti,C,
are evident in TCCN as shown by the well-preserved
diffraction peaks from MXene (Figure 1b), while the incor-
poration of g-C;N, is verified by the CN graphitic-like
interlayer diffraction peak at 27.5° (20).1%

TCCN is a highly flexible macroscopic film of a few
centimeters in size and 8-10 um in thickness (Figure 2a,
Figure S4). The oriented assembly of g-C;N, and Ti;C,
nanosheets affords plenty of interlayer large pores ranging
from tens to hundreds of nanometers. The uniform dispersion
of Ti, N, and C elements (energy dispersive X-ray spectros-
copy (EDS) elemental mapping images, Figure 2b) verifies
a homogeneous assembly of g-C;N, and Ti;C, in TCCN, which
agrees well with the X-ray photoelectron spectroscopy (XPS,
Figure S5), showing Ti (25.8 atm %), C (31.2atm%) and N
(13.7 atm % ). The high-resolution transmission electron mi-
croscopy (HRTEM) with the selected-area electron diffrac-
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Figure 2. a) SEM, inset in panel a) optical, b) EDS elemental mapping,
c) HRTEM images, and inset in panel c) SAED pattern of TCCN. d) N,
adsorption isotherm, and inset in panel d) the corresponding differ-
ential pore size distribution for TCCN.

tion pattern (SAED) reveals two overlapped crystalline
domains of g-C;N, and Ti;C, (Figure 2¢). N, adsorption
analysis confirms the high surface area (205 m*g ') of TCCN
and bimodal pore size distribution with two peaks located at
13 and 31 nm (Figure 2d), matching well with the mesopores
and interlayer large pores observed by SEM imaging.

TCCN can be directly used as the working electrode for
the OER (Figure S6, Movie S1). In the polarization curves
(Figure 3a), both g-C;N, and Ti;C, show very low OER
response, while the anodic current recorded on TCCN
renders a sharp onset potential at 1.44 V versus reversible
hydrogen electrode (RHE) with greatly enhanced OER
current, indicating that the coupling of g-C;N, and Ti;C, can
significantly improve the catalytic activity. Noticeably, the
OER current of TCCN even exceeds that of IrO,/C (20 wt %
IrO, supported on carbon powder, see synthesis in the
Supporting Information) at potentials beyond 1.54 V. By
comparing the operating potential to deliver a 10.0 mA cm >
current density (E;_,o), it is found that under the same
experimental conditions in 0.1m KOH aqueous media, TCCN
displays an E,_;, value of 1.65V, lower than that of IrO,/C
(1.70 V), comparable or even better than those of the state-of-
the-art precious-metal catalysts (e.g. RuO,,”" 1.73 V), tran-
sition-metal catalysts (e.g. Mn;O,/CoSe,,”” 1.68 V; Mn,O,/N-
doped carbon,® 1.68 V), and previously reported OER
catalysts with the same free-standing film configuration (e.g.
NiCo,0,-graphene film,”” 1.69 V; g-C;N,-graphene film "
1.65 V; N-doped graphene-carbon nanotube film,"! 1.70 V).
A detailed comparison of highly active OER catalysts with
various chemical compositions and different electrode struc-
tures demonstrates that TCCN is among the most efficient
OER electrocatalysts reported so far (Table S1).

The Tafel slope of TCCN (74.6 mV decade™) is lower
than that of IrO,/C (93.2 mV decade™), Ti;C, (119.7 mV de-
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Figure 3. a) Polarization curves, b) Tafel plots, and c) EIS (recorded at 1.60 V with inset
showing the equivalent circuit diagram) of TCCN, 1rO,/C, Ti;C,, and g-C;N, in an O,-saturated
0.1 M KOH solution (scan rate: 0.5 mVs™'). Inset in panel a) optical image of TCCN directly
used as the OER electrode operating at 1.70 V with generated bubbles on the surface
indicating the formation of O, gas. Dash line in panel a) Polarization curve of TCCN after
5000 potential cycles (scan rate: 100 mVs ™). d) Chronoamperometric response at a constant
potential of 1.65 V (E;_;o of TCCN), and inset in panel d) chronopotentiometric response at

a constant current density of 10.0 mAcm™ of TCCN as compared to that of IrO,/C.
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inset), whereas E,_;, of IrO,/C increases
for >40mV within 4000s. Also, only
4.5% anodic current loss is observed for
TCCN after 5000 continuous potential
cycles at an accelerated scanning rate of
100 mVs™' (dashed line in Figure 3a),
suggesting TCCN is also highly stable to
withstand accelerated degradation. Fur-
ther experiments confirm the effective
operation of TCCN in concentrated elec-
trolytes such as 1.0M KOH solution (Fig-
ure S9).

To gain an insight into the catalytic
mechanism, a hybrid film (TCG) of Ti;C,
and graphene was prepared by the same
method to that of TCCN (see synthesis in
Supporting Information). Graphene was
used to replace g-C;N,, because it also has
a 2D layered structure similar to that of g-
C;N, nanosheets, but without N ligands.
However, TCG shows apparently inferior
activity and reaction Kkinetics (onset
potential of 1.47V, Tafel slope of
108.9 mV decade !, Figure 4a). To figure
out the origin of this big difference, XPS
analysis was first conducted, in which the
Ti 2p profile of TCCN shifts noticeably to
higher binding energy region in compar-
ison to that of TCG and pure Ti;C,, for
example, Ti-C 2p;, from 455.0eV to
4559 eV (Figure 4b and Figure S10). It
reveals that the interaction of Ti with g-

cade™), g-C;N, (136.2 mV decade™', Figure 3b), and compa-
rable to that of reported highly active OER catalysts
(Table S1), indicating its favorable reaction kinetics. This is
also implied by the electrochemical impedance spectroscopy
(EIS, Figure 3c¢), in which the semicircle diameter of TCCN is
much smaller than that of the control group of catalysts
because of the lower contact and charge transfer impedance
in TCCN consisting of strongly coupled conductive Ti;C, and
g-G;N,. Furthermore, by employing the rotating ring-disk
electrode (RRDE) technique (Figure S7), the OER process
occurring on TCCN is confirmed to be dominated by
a desirable four-electron pathway with negligible peroxide
intermediate formation (4OH —O,+2H,0+4e¢”) and
a high Faradaic efficiency of 95.5%.

The chronoamperometric response reveals the high
stability of TCCN, showing a slight anodic current attenuation
of 4.3 % (Figure 3d) with no phase or morphology change of
the electroactive species after 10 h reaction (Figure S8),
whereas IrO,/C displays a current attenuation of 29.7%
(7 times larger than TCCN). This indicates the apparent
advantage of the free-standing films as compared to the post-
coated powdery catalysts on electrode substrates, because the
latter suffer from peeling off during the evolution of a large
amount of O, gas." In the chronopotentiometric response,
TCCN affords a nearly constant E;_;, of 1.65V (Figure 3d

www.angewandte.de
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C;N, impairs the electron density of Ti

atoms, which can facilitate the adsorption
of OH" in alkaline media, promoting the electron transfer for
an earlier O, evolution.’>* Correspondingly, the dominant
peak at 398.5 eV of triazine rings (C=N—C)!'®! in the N 1s
spectrum of TCCN splits to form a new shoulder peak at
397.4 eV (Figure 4c), caused by the coupling of N in g-C;N,
with Ti,C,.P**! Similarly, the N K-edge synchrotron-based
near-edge X-ray absorption fine structure (NEXAFS) of pure
g-C;N, shows two typical t* resonances at 399.8 and 402.5 eV
from N in C=N—C and N(-C); moieties, respectively (Fig-
ure 4d),"*? while a decreased intensity of the two resonan-
ces and a slight shift of m* resonance of C = N-C coordination
from 399.8 to 399.5 eV are observed for TCCN. This is also
due to the interaction between g-C;N, and Ti;C,, leading to
the perturbations of N atoms.” ! Thus, a combination of
NEXAFS and XPS data implies the most probable interfacial
Ti-N, interaction model of TCCN (Figure 4d inset), which
assumes the presence of highly dispersed active sites,'!
endowing TCCN superior OER activity.

The novel electrode structure of TCCN also contributes to
its excellent performance. First, the free-standing film with
hierarchical pores affords a high electrochemical double layer
capacitance (Cg), which is proportional to the active surface
area. The C, of TCCN was confirmed to be 29.7 mFcm 2,
nearly 3 times higher than that of powdery TCCN (ball-milled
TCCN to destroy the film and associated porosity, Cy=
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powdery TCCN (Figure S13). Notably, operating at
a high potential of 1.80 V, the TCCN film shows no
visible peeling off even after 5 h reaction or in a highly
bent form (Movie S1). Third, because of the hydroxy
or oxygen-terminated surface, TCCN is highly hydro-
philic with a small contact angle of 14.1° (Figure 4¢),
which is favorable for using aqueous electrolytes in
energy storage/conversion devices.'*! The highly
hydrophilic nature endows TCCN with excellent

wettability in aqueous solutions (Figure S15), facilitat-
ing access of the electrolyte to the active surface of the
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film. Meantime, the hierarchical pores in TCCN
provide smooth pathway for quick transfer of reactants
(e.g. OH") in the electrolyte to the active sites, as well
as for the fast emission of reaction products (e.g. O,).

A proof-to-concept test was conducted to demon-
strate TCCN’s feasibility in real rechargeable Zn-air
batteries by directly using it as the air cathode
(Figure 4 f). In polarization curves of the assembled
coin-type Zn-air battery (Figure S16), TCCN afforded
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on the gas diffusion layer (GDL) as the cathode (0.61
and 2.70 V). This is consistent with polarization curves
recorded by using the three-electrode system, in which
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TCCN can not only catalyze OER, but also stably
catalyze the reverse ORR through a four-electron
pathway (Figure4g inset and Figure S17). More
importantly, TCCN displays no obvious potential
fluctuation for over 15 pulse cycles, whereas an appar-
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Figure 4. a) Polarization curves, and inset in panel a) Tafel plots of TCCN and
TCG. High-resolution XPS spectra of b) Ti 2p and c) N Ts core levels in TCCN.
Inset in panel b) Comparison of Ti-C 2p, , positions of TCCN, TCG, and Ti;C,.
d) N K-edge NEXAFS of TCCN and g-C;N, with inset showing the relative N
sites. e) Contact angle of the TCCN film. f) Schematic configuration of a Zn—air
battery. g) Charge—discharge cycling curves of Zn-air batteries using the TCCN
film and IrO,/C powder coated on GDL as the air cathode, respectively. Inset in
panel g) Polarization curves of the TCCN film and IrO,/C powder tested by
using the three-electrode system in the whole OER/ORR region in O,-saturated

0.1™M KOH solution.

10.3 mFem™2; Figures S11 and S12). It demonstrates that the
free-standing porous films are more effective in enlarging the
catalytically active surface area than conventional powdery
catalysts post-coated on substrates. Unsurprisingly, the TCCN
film delivers a much higher current density than that of
powdery TCCN (e.g. 13 mVcm 2 versus 4 mVem 2 at 1.70 V;
Figures S13 and S14). Second, the easy peeling of the post-
coated powdery catalysts during OER that involves contin-
uous O, evolution greatly impairs their activity and life
time.”?! In the TCCN film, no polymeric binders or con-
ductive additives are employed, consequently reducing the
dead volume and undesirable interface and eliminating the
associated overpotentials,”>") which is evidenced by the
higher OER activity and stronger durability of the TCCN film
than those of powdery IrO,/C (Figure 3, Figure S9) and
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ent overpotential increase for both discharging and
charging processes is observed after five cycles for
IrO,/C (Figure 4g), because of the instability of the
precious metal, as well as the deterioration of the
carbonaceous GDL and the polymeric binder used for
powder coating.*!”

In summary, the porous TCCN film performs as
a flexible oxygen electrode with high activity and
strong durability. The self-supported and binder-free
configuration allows its direct use in rechargeable Zn-
air batteries. This work will pave the way to a large
variety of hybrid catalysts by coupling different 2D
materials through the strong interactions between
them, creating new opportunities for the R&D of clean
energy system.
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