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Self-Assembly of Large-Area 2D Polycrystalline Transition
Metal Carbides for Hydrogen Electrocatalysis

Xining Zang,* Wenshu Chen, Xiaolong Zou, J. Nathan Hohman, Lujie Yang, Buxuan Li,
Minsong Wei, Chenhui Zhu, Jiaming Liang, Mohan Sanghadasa, Jiajun Gu,* and Liwei Lin*

Low-dimensional (0/1/2 dimension) transition metal carbides (TMCs) pos-
sess intriguing electrical, mechanical, and electrochemical properties, and
they serve as convenient supports for transition metal catalysts. Large-area
single-crystalline 2D TMC sheets are generally prepared by exfoliating MXene
sheets from MAX phases. Here, a versatile bottom-up method is reported
for preparing ultrathin TMC sheets (=10 nm in thickness and >100 pm

in lateral size) with metal nanoparticle decoration. A gelatin hydrogel is
employed as a scaffold to coordinate metal ions (Mo®*, W&, Co?*), resulting
in ultrathin-film morphologies of diverse TMC sheets. Carbonization of the
scaffold at 600 °C presents a facile route to the corresponding MoC,, WC,,
CoC,, and to metal-rich hybrids (Mo,_,W,C and W/Mo,C—Co). Among these
materials, the Mo,C—Co hybrid provides excellent hydrogen evolution reac-
tion (HER) efficiency (Tafel slope of 39 mV dec™" and 48 mV, _ 19 ma cm-2 in
overpotential in 0.5 M H,SO,). Such performance makes Mo,C—Co a viable
noble-metal-free catalyst for the HER, and is competitive with the standard
platinum on carbon support. This template-assisted, self-assembling,
scalable, and low-cost manufacturing process presents a new tactic

to construct low-dimensional TMCs with applications in various clean-
energy-related fields.

The clean combustion of hydrogen has presented an attractive
alternative to fossil fuel use.l'"”] Considerable improvements in
hydrogen fuel-cell technology and solid-state hydrogen storage
have made significant strides in recent years.>* Electrocatalytic

hydrogen evolution using sustainably pro-
duced electricity has promised a carbon-
free production of a chemical fuel.P!
However, most commercial hydrogen
is still produced via steam reforming of
methane because there are few scalable
base-metal replacements for platinum at
the scales required for electrocatalysis.[
Dimensional reduction of 3D materials
to 0D, 1D, or 2D nanostructures (thick-
ness vs lateral size < 1%),”® has attracted
interest for discovering intriguing new
catalytic properties. Notably, including
2D nanostructures comprised of metals,?]
transition metal dichalcogenides, %12
transition metal oxides,l'*! and 2D tran-
sition metal carbides (TMCs)™! have been
explored for enhanced catalytic perfor-
mance, and advances in this area have led
to reliable and cost-effective fabrication
methods ideal for base-metal hydrogen
evolution catalysts.

Among these materials, 2D TMCs pos-
sess excellent electrical conductivity, elec-
trochemical activity, high surface area, and

strong chemical resilience.'! These make them particularly
desirable for various clean energy applications such as energy
storagel’”"1! and catalysis.l”"'> The most widely applied method
toward 2D TMCs requires a selective etching process from their
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ternary MAX phases?) (M,,,;AX,,, M is transition metal, A is
a group 12-16 elements, and X is C or N)222 using fluoride-
based etching solutions to selectively remove the element “A”
from a MAX crystal.?3] Fluoride-free methods for preparing 2D
TMCs have been reported, notably chemical vapor deposition
(CVD) on metal foils or graphene but the reported yield is
extremely low.#242] Therefore, developing a robust and ver-
satile fabrication method for 2D TMCs is required to enable
practical applications and large-scale manufacturing.

The assembly of metal ions and peptides into nanostructured
materials has been known since the 1950s.7%?’] The process
parameters (concentration, peptide selection, and temperature)
can be carefully controlled to enable the preparation of hydrogel
materials containing 0D particles, 1D tubes, or 2D lamellar
products.?$2] These self-assembling soft structures are ame-
nable to subsequent transformation by thermal and chemical
approaches.”! By selecting carbide-forming metals, a nano-
structured hydrogel can be prepared that is amenable for sub-
sequent conversion into TMCs that retain their supramolecular
dimensionality. When a hydrogel with embedded transition
metal ions is heated, self-accumulation of polymeric phases of
metal carbide degradation products occurs at the hydrogel air/
liquid interface in a process described by the buoyancy—Maran-
goni effect (Figure 1a-d).2%32 The self-assembly and ordering
of gelatin can therefore macroscopically arrange precursors
into structures that can be collapsed into dimensionally con-
served nanostructures.3334
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Here, we demonstrate the synthesis of metallohydrogels and
their subsequent carbonization into ultrathin metal-carbide
nanostructures (2D TMCs) (Figure la—e). Hydrogel mem-
branes serve as templates to constrain the conversion of metal
ions to form ultrathin 2D (extremely low aspect ratio) large-area
polycrystalline carbide nanosheets. Various ion-gel systems
are carbonized in this way, yielding Mo,C, W,C, and Co;C
(Figure 1f=h), with up to =100 um lateral size. Moreover, using
this self-assembly scheme, we are able to synthesize Mo,C struc-
tures decorated by Co nanoparticles, which provides superior
hydrogen evolution reaction (HER) performance (Tafel slope
of 39 mV dec™ and overpotential of 48 MV, _ ;> in 0.5 M
H,SO,, which is comparable to commercial Pt/C. Our results
show that collapsible scaffolds can be used to prepare earth-
abundant transition-metal hydrogen evolution catalysts with
performance competitive with noble-metal-based platinum on
carbon standard.

Figure 1 shows a hierarchical overview of the collapsible
hydrogel and its subsequent conversion to 2D-TMC nanosheets.
Metal precursor is well assembled in the metallohydrogel as
gelatin-immobilized metal complexes, utilizing the protein
triple helix structure decorated with a large number of func-
tional groups (such as amide, amino, hydroxyl, carboxyl groups,
etc.).1353¢) Supramolecular self-organization is driven by tran-
sition metal complexes’ addition to a solution of gelatin. Each
supramolecular complex is named by the associated metal,
(Mo—gelatin, W-gelatin, or Co-gelatin). Weak coordination

Large-area ultrathin sheets of
Polycrystalline carbides

.o,

AFS AP
.

A MC, domain

Figure 1. Self-assembly process for large-area ultrathin 2D TMCs. a) Transition metal ions such as Mo®*, W®*, Co?" are mixed in the gelatin-mediated
hydrogel with rich functional groups as ligands. b,c) Under an elevated temperature, the ion—gelatin solution takes (b) a lamellar assembly process
that results in (c) a layer-by-layer organized matrix. d) GIWAXS of Mo-gelatin template as an example to show that gelatin constrains the metal ions
laterally between the layers. e) Carbonized in a CH4/H, atmosphere above 600 °C, the gelatin templates constrain the conversion of metal ions laterally
between the layers, forming nanocrystalline 2D TMCs. CH, was used here to increase the carbon content and H, was used to suppress oxidations.
f-h) SEM images of the resulting ultrathin 2D TMCs of (f) Mo,C, (g) W,C, and (h) Co;C flakes, respectively.
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between metal complexes and the long, amphiphilic gelatin
strands tends to drive phase segregation into lamellar phases
(Figure 1b,c). A high concentration (2 m, molal, mol kg™' sol-
vent) of the transition metal complex ensures that there is
sufficient precursor to form the target nanostructures after
carbonization.

Films of the metal-gelatin structures are examined by
grazing-incidence wide-angle X-ray scattering (GIWAXS), and
shown in Figure 1d. The diffuse bands at between 1 and 1.5¢q
are consistent with long range order in the metallohydro-
gels and moderate preferential orientation of lamellar phases
normal to the surface. The central peak at =1.25q corresponds
to a 0.48 nm interlayer spacing. We also performed a study
of gelatin concentration and addition of organic solvents and
surfactants. The results are summarized in the Supporting
Information, showing that adding alcohol in aqueous metal-
logel induce a broad subpeak, indicating an accumulation layer
distance of 0.78 nm. The W-gel dissolved in the organic solvent
N-methyl-2-pyrrolidone (NMP) exhibits a larger lamellar
spacing of 1.29 nm (Figure S1, Supporting Information).

Carbonization at 600 °C in a reducing H,/CH, environment
from the ordered matrix (Figure 1c) to the 2D TMC is shown
schematically in Figure le. The M—gelatin structures were pre-
pared using a relatively high concentration of metal ions (2 m,
molal), and a firm hydrogel was found to yield ideal substrates
for conversion (>30 wt% gelatin). Mo>* and W with high
positive charge and near empty d-orbital can coordinate with
amino acid groups in gelatin effectively.’”) WCl; and CoSO,
were dissolved in NMP and deionized (DI) water (2 M) with
60 wt% gelatin, respectively. Lower concentrations of gelatin
(<10 wt%) gave poor conversion and generally yielded metal
oxides. While gelatin provides a considerable amount of carbon
for the conversion to the metal carbide, pure argon gas yielded
incomplete conversion. A reducing environment including
H, and CH, was found to promote complete conversion and
suppresses oxidation (Figure S2, Supporting Information).

The low-temperature synthesis process generated similar
nanostructured materials regardless of metal ion. Scanning
electron microscopy (SEM) images of Mo,C, W,C, and CosC
derived from Mo, W%, or Co?* ions, respectively, are col-
lected in Figure 1f~h. We postulate that the supramolecular 2D
arrangement of the hydrogel helps lower the formation energy
of both Mo,C or W,C, making them accessible at lower tem-
peratures (600 °C) than previous reports for carbonization of
TMCs or MXenes (at 1600 °C[20).

Transmission electron microscopy (TEM) images of the car-
bonization products are shown in Figure 2a—c. Large polycrys-
talline ultrathin sheets of Mo,C composed of nanocrystalline
domains are roughly measured as =5 nm in size from TEM
images, while using Scherrer equation, the lattice crystalline is
~8 nm from X-ray diffraction (XRD) in Figure S2 (Supporting
Information).®®! After the separation of these products by ultra-
sonication, we deposited them on silicon surfaces. Figure 2d
shows atomic force microscopy (AFM) mapping results
that reveal flat surfaces with a roughness of 0.22 + 0.01 nm
(Figure S3a—c, Supporting Information) and a nominal thick-
ness of =10 nm. GIWAX diffraction patterns (Figure 2e
and Figure S3d (Supporting Information)) show a preferred
z-directional orientation and sublayer thicknesses of 2.4 and
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1.6 nm. These characterizations support the expectation that the
2d-ordering of metal complexes within self-assembling M-gel-
atin supramolecular scaffold is conserved after carbonization.
As expected for a metal carbide, the as-synthesized ultrathin
B-Mo,C has excellent thermal stability under 550 °C (see thermal
gravimetric analysis (TGA), Figure S4, Supporting Informa-
tion), whereas the widely reported Ti;C, T, MXene suffers from
oxidation above 200 °C because of its rich surface terminations
(T, such as OH/COOH groups) originating from selective etching
process.*]

As shown in the XRD spectra (Figure 2h), Mo,C flakes
have the same peaks of the Mo, ,W,C flakes. This is because
samples of Mo,C and W,C have similar crystalline structures
(P63/mm), and both the samples exhibit intense reflections
at {100}, {002}, and {101}. The multiple-layer, ultrathin 2D
structure further helps reduce the processing time to <1/2 h,
which is crucial for the large-scale production and low-cost
manufacturing. It should be noted, however, further reducing
the process temperature below 600 °C can yield «-MoC;_, that
are not desirable by water hydrolysis reactions (Figure S5, Sup-
porting Information).

Interestingly, it is found that the synthesized Co;C sheets
have lots of well spread Co nanoparticles as the holding
capacity of Co?" in the gelatin matrix is lower than that of Mo>*
and W®" due to the lower charge of Co. This makes extra Co?*
ions leave from the gelatin template, accumulate and form
converted nanoparticles on the carbide framework (Figure 1e).
This solution-based self-assembly process can also synthesize
many large-scale ultrathin 2D hybrid structures. For example,
mixing Mo>* and W ions together in the gelatin media yielded
a hybrid of Mo,C-W,C after calcination (Figure 2f). In addition,
by adding Co?" ions in the gelatin mixture, Co nanoparticles
reduced and were found deposited on the Mo,C and W,C
thin flakes (Figure 2g and Figure S5a (Supporting Informa-
tion)). Similarly, in a triple ion assembly process, Mo, ,W,C
flakes decorated with cobalt nanoparticles were synthesized
by combining all three metals (Mo-W-Co) into the gelatin
media (Figure S5b, Supporting Information). Detailed energy
dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) analyses for these materials are provided
in Figures S6 and S7 (Supporting Information). GIWAX of
Mo,_,W,C is compared to Mo,C, resolving <1% lattice strain
(Figure S8, Supporting Information).

The HER performance of the as-grown f-Mo,C is evalu-
ated with different mass loadings of carbide catalyst on carbon
paper (Figure S9, Supporting Information). We use platinum
on carbon support (Pt/C)—a well-understood and effective
HER catalyst, as a control sample. It is applied with the same
mass loading in 0.5 M H,SO, for comparison (Figure 3a,b).
Pristine carbon paper that supports -Mo,C shows negligible
activity in hydrogen evolution, and works as an inert conduc-
tive loading substrate in the system. The catalytic activities
of electrode increase with the mass loading of Mo,C, and the
optimized mass loading is selected as 1 mg cm™2 (Figure S9a,b,
Supporting Information). Tafel plots are fitted to the Tafel
equation (n = Plog(j) + @) to elucidate the HER mechanism
and kinetic properties. With a mass loading of 1 mg cm™ in an
acidic environment (0.5 m H,SO,), Mo,C provides a Tafel slope
of 68 mV dec™! (Figure S9a, Supporting Information).
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Figure 2. Characterizations of ultrathin Mo,C and hybrid structure Mo, ,W,C and Mo,C—Co. a—c) TEM images revealing the micro-/nanoscale struc-
tures. d) AFM structural height mapping results showing a typical thickness of =10 nm and a surface roughness of =0.22 nm. e) GIWAX characteriza-
tions implying two sublayer thicknesses of 2.4 and 1.6 nm (Figure S4, Supporting Information). f) SEM image of the as-synthesized binary Mo,_W,C
showing excellent ultrathin 2D structures. g) SEM image of the as-synthesized binary Mo,C—Co showing ultrathin Mo,C sheets deposited by Co nano-
particles. h) X-ray diffraction results of the as-synthesized 2D Mo,C from a single metal—gelatin solution, and the as-synthesized binary Mo, ,W,C and

Mo,C—Co structures from mixed metal ions and gelatin solutions.

Once decorated with Co nanoparticles, this hybrid structure
enhances the HER responses with a low Tafel slope at 39 mV dec™!
and overpotential at 48 mV,_,j,,s > (Figure 3 and Table 1).
Although the electrode made of Mo, ,W,C does not provide a
lower Tafel slope, it reduces the overpotential to 60 mV;_,, s o2
One hypothesis is that a low onset potential induced by the lat-
tice strain in the intergrowth Mo-W matrix can induce high
efficacy of catalytic reactions.**] Electrochemical impedance
spectroscopy (EIS) results in Figure 3c are fitted with the equiva-
lent model in the inset to study the HER kinetics (Figure 3c).[*
Also, the values of series resistance (Rq) and charge transfer
resistance (R.) calculated from the Nyquist plots are summa-
rized in Table S1 (Supporting Information). R, of Mo,C—Co
and Mo, ,W,C are both lower than that of Mo,C, showing an
improved HER efficiency. The R, and Ry values of Mo,C-Co
are surprisingly close to that of Pt/C, announcing the superior
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performance of Mo,C-Co. Electrochemical surface area (ECSA)
is tested by cyclic voltammetry in the non-HER regime, as
shown in Figure S10 and Table S2 (Supporting Information),*3!
in which Mo,C shows higher ECSA than Mo,C and Mo,_,W,C.
On the other hand, Mo,C has a larger Brunauer-Emmett-Teller
(BET) surface area at =6.2 m? g! than that of Mo,C-Co at
=~4.6 m? ¢!, while other mechanisms could boost up the ECSA
value for Mo,C—Co. ESCA and BET relate to different mecha-
nisms of adsorption and diffusion in liquid and gas phases.
Density functional simulations elucidate the synergistic
effects of the incorporation of Co atoms onto Mo,C, which will
effectively decrease the absolute Gibbs free energy of hydrogen
adsorption (JAGy«|) on carbide surface. The thermodynamic
diagram of HER is illustrated in Figure 3d, including initial
(H" + e + *, where * denotes an active site), intermediate
(H*), and final states (* + 1/2H,).* It is observed that -Mo,C

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Performance of 2D Mo,C and binary 2D carbides as HER catalysts in 0.5 m H,SO,. a) Linear sweep voltammetry of HER of different metal
carbide materials. Mass loading is set as 1 mg cm™2. The pristine carbon paper and carbon paper loaded with 1 mg cm™2 Pt/C are also tested for
comparison. b) The corresponding Tafel slopes and overpotentials of the different active materials in (a). c) Electrochemical impedance spectroscopy
(EIS) Nyquist plots of Mo,C, Mo,C-Co, and Mo,_,W,C, at V4. =-0.3 V versus RHE. d) Calculated thermodynamic energy diagram for the HER activities
of Mo,C, Mo,C-Co, and Mo,_W,C. e) Side and top views of optimized Mo,C, Mo,C—Co, and Mo,_W,C with one adsorbed hydrogen atom. The free

energies for hydrogen adsorption are calculated accordingly.

provides low [AGyx| of =0.52 eV, which is further reduced to
0.37 eV with the decoration of Co atoms (Figure 3e). Similarly,
Mo, ,W,C surface demonstrates a |AGy+| of 0.39 eV, close to
that of the Mo,C—Co case. More discussions are in Figures S11
and S12 (Supporting Information). Meanwhile, a stability test
is shown in Figure S13 (Supporting Information), which shows
stable performance of Mo,C-Co during the 12 h hydrogen pro-
duction at an overpotential of 0.4 V (Figure S11, Supporting
Information). The potential leaching problem of Co is alleviated
in the diluted acid with the relatively slow kinetics,*’! especially

Adv. Mater. 2018, 30, 1805188
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under the negative voltage during the HER test which sup-
presses the dissolution reaction.

The material performance can be attributed to several key
properties, including high surface area due to the ultrathin
structure, robust conjugation between Mo,C and the rich
carbon phase for high conductivity and electron transport,
abundant grain boundaries that could perform as active center
originating from nanocrystals, and the catalytic activity of the
material lattice plane. Catalyst efficacy is particularly dependent
on the lattice plane; for example, the activities of basal and edge

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Summary of catalyst activity of different carbides for HER in
0.5 M H,50,.

Tafel slope [mV dec™']  Overpotential [mV] @ j =10 mA cm™

Carbon paper 258 589
Mo,C 68 178
Mo,_W,C 141 60
Mo,C-Co 39 48
Pt/C 28 38

of chalcogenides and MXenes widely differ.**’] As a general
rule, large single crystals or sheets have their lowest-energy
surface exposed, and have a corresponding poor catalytic per-
formance. However, defects and grain boundaries often present
additional active sites by exposing more “preferred” catalytic
crystalline faces. The random orientation of the ultrafine Mo,C
domains dispersed in the large 2D-TMC sheets provides a variety
of such defective sites despite the flat nature of the nanosheets.

Leveraging the bottom-up self-assembly material design in the
precursor-free method can help synthesize new phases, composi-
tions, and heterostructures of 2D TMCs using a low-temperature
manufacturing process. We have demonstrated that supramole-
cular order in metallohydrogels is conserved for the formation of
ultrathin polycrystalline transition metal carbides, MC, (M = Mo,
W, Co). The gelatin-based precursor can assist the transition
metal ions (Mo>*, W', Co?") to form layer-by-layer metal carbide
nanocrystals at a relatively low temperature (600 °C). The role of
gelatin and metal complex concentration was examined using
the Mo-gelatin as a model system for optimizing conductivity,
large lateral size, and high crystallinity. Through this method,
binary/ternary carbides/hybrids such as Mo,C-Co, Mo,_W,C,
and others can be produced in a single synthesis step. We also
found that cobalt nanoparticles incidentally deposit onto the
nanosheet structures if added to the precursor with the moly-
bdenum or tungsten complexes. The products were homogenous,
consisting of large, thin sheets comprised of randomly orientated
metal carbide nanocrystals (<5 nm in size).

We then evaluated these materials for their HER activity and
found that all of the MC, (M = Mo, W, Co) and their binary
structures can serve as HER catalysts. Among them, Mo,C-Co
provides the smallest Tafel slope of 39 mV dec™! and the lowest
overpotential of 48 mV,_,, > (Table 2). The outstanding

www.advmat.de

electrochemical catalysis performance is competitive with previous
reported HER catalysts for a broad range of water hydrolysis and
other energy-related applications.*®! Further study on the use of
supramolecular order to precisely control the atomic positions of
metal atoms in the carbide framework may reveal opportunities to
further improve their stability and performance. The straightfor-
ward development of more elaborate functional metal carbides will
also promote their applications in clean energy and environmental
fields, including energy storage, catalysis, solar thermal energy
harvesting, and harsh environment monitoring applications.’l

Experimental Section

Preparation of lon-Gelatin Solution: MoCls, CoSO, (all purchased from
Sigma-Aldrich) were dissolved in DI water, and WClg was dissolved in NMP
with a concentration of 2 m (molal, mol kg™ sol). The hydrogel was made
by dissolving either gelatin, poly(vinylpyrrolidone) (PVP), or poly(ethylene
oxide) (PEO) with 60 wt% stirred on a hot plate for 2 h at 80 °C.

Synthesis Process: 100 uL of ion—gel solutions were placed on a high-
temperature resilient quartz boat (1 cm x 1.7 cm x 10 cm, MTI Corp.)
and was loaded into a furnace (1 in. in diameter, Lindberg Thermal
Furnace). The temperature was ramped up to 600 °C in 10 min under
30 sccm of H,, and 10 sccm of CH, was added for 15 min at 600 °C.
The furnace was rapidly cooled to room temperature and the 2D TMCs
were separated from the quartz boats, ground, dispersed in DI water,
sonicated for 30 min, vacuum filtrated, and dried overnight at 80 °C.

Material Characterization: SEM (FEI Quanta 3D) was employed to
study the morphology and structure. Different carbides were dispersed in
alcohol by sonication for 2 h, and dropped onto a copper grid (2 tm mesh
size). The transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were observed
under a JEOL JEM-2100F field emission TEM (200 kV). XRD (Bruker
D8) was performed to study the crystallinity, using Co as source (35 mV,
40 kV) for powder diffraction. X-ray photoelectron spectroscopy (CHI)
was used to study the surface element component of samples. 2 mm Al
monochromatic source was employed to first scan a 500-50 eV survey of
wide range spectrum, followed with specific high-resolution Mo_3d, W_4f,
and C_1s orbital scanning. AFM (Bruker Icon AFM) was employed to scan
the thickness of carbide flakes and investigate the surface roughness.
Dispersed carbide sheets on silicon wafer were picked under an optical
microscope, and mapped with a silicon carbide tip at standard tapping
mode.

GIWAX: GIWAXS spectra were taken at beamline 7.3.3. at the
Advanced Light Source (ALS) at the Lawrence Berkeley National Lab
utilizing an incident wavelength of 0.124 nm at 10 keV, with a pixel size
of 0.172 mm. 2D spectra were recorded with a Pilatus 2M-2D detector
and integrated to reduce to 1D with the NIKA GIWAXS software.

Table 2. Comparison of the catalyst activity of Mo,C-Co with other HER materials.

HER in 0.5 m H,SO, Tafel slope [mV dec™"]  Overpotential [mV]@j =10 mAcm™  Catalyst loading [mg cm™?]  Exchange current jo [mA cm™ Ref.
W,C/multiwall carbon 45 123 =0.56 0.018 [50]
nanotubes (MWCNTs)

MoC, nano-octahedrons 53 142 0.8 0.023 [57]
Mo,C@N,P-codoped 336 34 0.14 1.09 [52]
carbon shells

(NPC)/N,P-codoped

reduced graphene oxide

(NPRGO)

2D-MoS, quantum dots 44 92 0.1 0.042 [42]
(QDs)

Mo2C-Co 39 48 1.0 0.578 This work
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Electrochemical Test for HER: Ag/AgCl was used as the reference
electrode, while a carbon rod was used as the counter electrode to
study the 2D TMCs in 0.5 m H,SO,. Linear sweep voltammetry, cyclic
voltammetry, chronopotentiometry, and EIS impedance tests were
performed by an electrochemistry workstation (Gamry Ref 600) with
different modules. The polarization curves were obtained by sweeping the
potential from 0 to —0.8 V versus Ag/AgCl at room temperature at a sweep
rate of 10 mV s™'. The EIS was performed from 100 kHz to 0.1 Hz. Washed
and dried powdery 2D TMCs were ground with polyacrylonitrile (PAN)
(1 wt%) dissolved in NMP (Sigma-Aldrich) as a binder, which was cast
onto a hydrophobic carbon paper (Toray carbon paper 060, wet proofed).

Calibration of Reversible Hydrogen Electrode (RHE): The reference
electrode was calibrated to RHE using a platinum electrode for both
working and counter electrodes in the same electrolyte. The calibration
resulted in a shift of —0.265 V versus the RHE in 0.5 m H,SO,.

Density Function Theory (DFT) Simulations: Using the Vienna Ab-initio
Simulation Package (VASPP?l), all calculations were performed adopting
the Perdew—Burke—Ernzerhof (PBEP#) version of generalized gradient
approximation with projector-augmented wave potentials.P>*1 A3 x 3 x 1
supercell of Mo,C (001) slab with five layers of Mo,C was chosen as
the models, and the middle layer of Mo,C was kept fixed to simulate
the bulk. For Mo,C-Co, a Co, cluster adsorbing on the surface was
constructed, while for Mo, W,C, three nearest-neighbor Mo atoms
were substituted by W atoms. To keep the spurious interactions
negligible, a vacuum layer larger than 10 A was selected. The force
convergence criterion for structural optimization was set as 0.01 eV A~
Following computational hydrogen electrode model,’” the free energy
of H* was obtained as G(H*) = 1/2G(H,), assuming 2H" — H, was
in equilibrium. Thermodynamic free energies of considered states
were defined as G = Eppr + Ezpg — TS, where Eppr and Ezpe were
DFT ground state energy and zero-point energy (ZPE) according to
harmonic approximation with vibration frequencies obtained from
DFT. The vibrational entropy for adsorbed species was calculated®® as,

S= kB[Z In( W/HJ 2 mﬂ and the entropy for

molecules was taken from the standard tables for gas-phase molecules.F’]
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Supporting Information is available from the Wiley Online Library or
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