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discussion of Mo2C based insertion-type electrodes
for advanced pseudocapacitors†

Yuanyuan Zhu,‡ae Xu Ji,‡b Lufeng Yang,c Jin Jia,d Shuang Cheng, *a Hailong Chen,c

Zhong-Shuai Wu, e Donata Passarellof and Meilin Liu g

Mo2C is one of the few compounds that possess good electronic conductivity. Meanwhile, it possesses

a natural 1D zigzag tunnel structure that is ideally suited for fast ion diffusion. Here, an effective

approach is demonstrated for fabrication of structurally stable N-doped Mo2C/C nanobelts. They

demonstrate high and fast energy storage ability with initial capacitances of 1139 C g�1 at 1 mV s�1, 151 C

g�1 at an extremely high scan rate of 2000 mV s�1 and 208 C g�1 at a discharge current density of 200

A g�1. After electrochemical activation of cycling, the capacity is continuously enhanced and much

higher capacitances of 2523 C g�1 at 1 mV s�1 and 1403 C g�1 at 50 A g�1 are achieved after 15 000

cycles at 50 mV s�1. Using the power law, it is evaluated that a surface-controlled capacitive process

makes the main contribution to the capacity, which is over 90% when the scan rates are higher than 10

mV s�1 and still high as 73% at 1 mV s�1. From in situ synchrotron XRD, it is found that there is

a negligible change in the crystal structure and volume during charging/discharging, reflecting an

insertion-type charge storage mechanism.
1. Introduction

Electrochemical capacitors with higher energy storage ability
than conventional capacitors and better rate capacity and
cycling life than batteries are becoming more and more
attractive in many emerging elds,1–3 such as electrical vehicles,
portable electronics and smart grids for efficient and stable
electrical energy storage. Electrical double-layer capacitors
(EDLCs), as one of the two typical electrochemical capacitors,4,5
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store charge through the physical adsorption/desorption
mechanism and hence exhibit a high rate capacity and dura-
bility but a low energy density.6,7 Pseudocapacitors, in which
much more charge can be stored via a faradaic reaction, are
expected to store more energy than EDLCs.8 Though various
transition metal-based compounds have been explored as
pseudocapacitive electrodes, they generally show unsatisfactory
capacity, rate performance and cycling stability owing to their
poor electronic/ionic conductivity and large volume change
during cycling. To realize fast and high energy storage together
with high durability, new potential candidates with an opti-
mized structure and good electronic conductivity need to be
developed.

Transition metal carbides (TMCs) are just one class of
promising candidates, which usually originate from the
introduction of carbon atoms into the metal lattice and exhibit
novel and distinctive physical and chemical properties,
including metallic conductivity and excellent corrosion resis-
tance.9–13 TMCs have been widely used in catalysis, electronics
and other elds.14–16 Since Gogotsi et al.17 reported the elec-
trochemical behavior of exfoliated Ti2C as an anode for
lithium-ion batteries in 2012, a series of carbides have been
synthesized and used for lithium storage, such as Ti3C2,18,19

Nb2C,20 V2C,21 Cr2C22 and Mo2C.23 Among them, Mo2C, with
a good electrical conductivity (�1.02 � 102 S cm�1)24,25 and
natural one-dimension (1D) tunnels that can serve as a fast ion
diffusion path, is one of the most promising electrodes to
balance capacity and rate performance. However, reports on
J. Mater. Chem. A, 2020, 8, 7819–7827 | 7819
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Mo2C as an electrode are rare,13,23 which is likely owing to its
relatively low theoretical capacity, only 473 C g�1 (�131 mA h
g�1) when considering the transfer of one electron and 1892 C
g�1 (�524 mA h g�1) for the transfer of four electrons where
full phase conversion of Mo2C to Mo is predicted. Additionally,
the synthesis of Mo2C generally requires high-temperature
calcination which would result in large bulks. Therefore,
controlled-synthesis to realize the formation of nano-struc-
tured Mo2C and the achievement of good charge storage
performance are urgently needed.

Herein, a mild approach to prepare N-doped carbon coated
Mo2C (N-Mo2C/C) nanobelts is proposed. Molybdenum source,
MoO3, pre-packaged with polypyrrole (PPY) is used as
a precursor. N-Mo2C/C delivers high initial capacitances of 1139
C g�1 at 1 mV s�1, 151 C g�1 even at an extremely high scan rate
of 2000 mV s�1 and 208 C g�1 at a discharge current density of
200 A g�1, exhibiting high capacity and excellent rate perfor-
mance. More importantly, there is no capacity fading but
a continuous increase over the cycling test. Aer 15 000 cycles at
50 mV s�1, signicantly elevated capacitances of 2523 C g�1 at 1
mV s�1, 2950 C g�1 at 0.5 A g�1 and 1403 C g�1 at 50 A g�1 are
achieved. Using the power law, it is found that the energy
storage is dominated by the surface-controlled capacitive
process. Using in situ synchrotron XRD, the structural change
during charging/discharging is explored. It is found that there is
no phase change but slight expansion/contraction, implying an
insertion-type charge storage process along the 1D tunnels.
2. Experimental
2.1 Materials and chemicals

Molybdenum powder (99.9%) is purchased from Aladdin
Chemistry Co. Ltd (Shanghai, China). Hydrogen peroxide
aqueous solution (H2O2, 30%) and ammonium persulfate are
supplied by Damao chemical reagent factory (Tianjin, China).
Pyrrole comes from Macklin Biochemical Co. Ltd (Shanghai,
China). All the chemicals were used as received without further
purication. Deionized water with a resistivity of 18.2 MU cm�1

is prepared using a Millipore purication system (Milli-Q®).
2.2 Preparation of the N-doped Mo2C/C composites

Firstly, MoO3 nanobelts are synthesized according to the
following procedure: 1.0 g molybdenum (Mo) powder is added
into 10 mL H2O2 (30%) solution and kept in an ice bath under
stirring until a yellow solution is formed; then, 20 mL deionized
water is added into the solution followed by continuous stirring
for 30 min before being transferred into a 50 mL Teon-lined
stainless-steel autoclave for hydrothermal treatment at 200 �C
for 24 h; aer cooling to room temperature, a white precipitate
of MoO3 is collected through vacuum ltration, washed with
deionized water and dried at 70 �C for 12 h. Secondly,
MoO3@ppy is obtained according to the following procedure:
0.1 g of the as-prepared MoO3 is dispersed into 100 mL
ammonium persulfate (7.5 mM) before 0.1 g pyrrole monomer
is added for polymerization; the above solution is kept in an ice
bath for 12 h under stirring; a black precipitate of MoO3@ppy is
7820 | J. Mater. Chem. A, 2020, 8, 7819–7827
collected aer vacuum ltration, washing and drying. Finally,
the target sample of the N-Mo2C/C powder is harvested through
controlled calcinations at 700 �C for 4 h in owing N2.

2.3 Materials characterization

Phase compositions and crystal structure of the products were
determined by X-ray diffraction (XRD) on a D8 Advance (Ger-
many Bruker) X-ray diffractometer using Cu Ka radiation (l ¼
0.15406 nm) at 40 kV and 40 mA. Morphologies of the products
were observed using a eld emission scanning electron micro-
scope (FE-SEM, Hitachi SU8010) and a transmission electron
microscope (TEM, JEM-2100F Field Emission Electron Micro-
scope, Japan). X-ray photoelectron spectroscopy (XPS) was
carried out on a PHI X-tool instrument (Ulvac-Phi). The Raman
spectra were recorded using a LabRAM HR800 spectrometer
(Horiba Jobin Yvon, France) equipped with a semiconductor
laser (wavelength ¼ 532 nm). The Brunauer–Emmet–Teller
(BET) surface area was determined using a micromeritics ASAP
2020 analyzer with nitrogen adsorption at 77 K. Thermal
Gravimetric Analysis (TGA) was performed using a Mettler-
Toledo TGA/DSC1 apparatus between 30 �C and 700 �C at
a ramping rate of 10 �C min�1 under an air ow.

Temperature-dependent in situ XRD patterns were collected
using the same diffractometer mentioned above equipped with
an Anton Paar XRK 900 high-temperature reaction chamber.
The sample was heated from 30 �C to 700 �C with a heating rate
of 5 �C min�1 under a N2 ow with a space velocity of 30 mL
min�1. Before each XRD pattern was collected, the sample was
held at a set temperature for 30 min. All the diffraction patterns
were recorded in the range of 10–80� with a step size of 0.02�

and a scanning rate of 0.08� s�1.
In situ synchrotron X-ray diffraction (SXRD) was performed

using a synchrotron radiation source (l ¼ 0.8856 �A) with
beamline 7-2 in transmission mode, at Stanford Synchrotron
Radiation Light source (SSRL), SLAC National Accelerator
Laboratory Menlo Park, CA, USA. The patterns were collected
every 2 min. The in situ test began with discharging from open
circuit voltage and then charging in the range of 0.01–3 V (vs. Li/
Li+) at a current density of 0.2 A g�1 towards the half-cell with
lithium foil as a counter electrode.

2.4 Electrochemical measurements

Typically, working electrodes were prepared by mixing 80 wt%
active materials, 10 wt% acetylene black, and 10 wt% poly-
vinylidene diuorides in the N-methyl pyrrolidone (NMP)
solvent. The slurry was coated on copper foil and dried before
sealing in a CR2032 coin cell as an electrode using 1 M LiClO4 in
propylene carbonate, ethylene carbonate and dimethyl
carbonate solution (a volume ratio of PC : EC : DMC of 1 : 1 : 1)
with 5% uoroethylene carbonate as an electrolyte and lithium
wafer as a counter electrode, a typical half-cell. The assembly
process was carried out in an argon-lled glove box with
concentrations of moisture and oxygen below 0.1 ppm. The
electrochemical performances were characterized by cyclic vol-
tammetry (CV) and galvanostatic charge–discharge (GCD)
techniques within a potential window of 0.01–3 V (vs. Li/Li+)
This journal is © The Royal Society of Chemistry 2020
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using a CHI 660E electrochemical workstation. Electrochemical
impedance spectra (EIS) were measured using a Solartron 1260
Impedance Analyzer in a frequency range of 0.1 Hz to 100 KHz
with a perturbation voltage of 10 mV at open-circuit potential.
3. Results and discussion

To take control of the phase change during calcination and
optimize the target crystal structure, in situ XRD measurements
were applied to the MoO3@ppy precursor and a series of XRD
patterns were collected upon increasing the temperature from
30 to 700 �C in N2 ow, as presented in Fig. 1f. There is no phase
change when the temperature is lower than 200 �C; while, PPY
begins to be carbonized accompanied by the pulverization of
MoO3 at 300 �C; then MoO3 is completely reduced to MoO2

when the temperature is up to 400 �C; the MoO2 phase is
maintained in a relatively wide temperature range before it is
Fig. 1 (a) SEM image of the MoO3; (b) schematic illustration for the form
and (e) SAED images of the N-Mo2C/C nanobelts; (f) in situ XRD pattern
nations from 30 to 700 �C in a flowing nitrogen atmosphere; SEM im
corresponding Mo, C, and N elemental maps of N-Mo2C/C.

This journal is © The Royal Society of Chemistry 2020
carbonized to be Mo2C at 700 �C. Phase transition of MoO3@-
ppy can be expressed accordingly:24

(1)

MoO3 + C / MoO2 + COx (2)

MoO2 + C / Mo2C + COx (3)

The morphology change of the sample at different stages is
characterized by SEM. The rstly synthesized MoO3 is
composed of nanobelts in a large-area with a width of around
ation process of the N-doped Mo2C/C nanobelts; (c) TEM, (d) HRTEM
s, reflecting the phase change of the MoO3@ppy powder along calci-
ages of (g) N-Mo2C/C and (h) MoO3@ppy; (i–l) STEM image and the

J. Mater. Chem. A, 2020, 8, 7819–7827 | 7821
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200–300 nm and a relatively smooth surface, as shown in
Fig. 1a. The following polymerization of PPY on the surface
(MoO3@ppy) does not change the morphology of the nanobelts
(Fig. 1h). Aer subsequent calcination for the preparation of
Mo2C, the nanobelt structure is well kept and abundant nano-
particles were formed on the surface (Fig. 1g). A brief schematic
of the formation procedure is accordingly shown in Fig. 1b.

The structure of Mo2C is further investigated using TEM and
the results are shown in Fig. 1c. It is found that the whole
nanobelt is composed of small particles with a thin and uneven
coating layer. Not only the surface but also the bulk of the
nanobelt is porous. In an enlarged HRTEM view of Fig. 1d,
apparent lattice fringe spacings of 0.228 and 0.236 nm that
come from different crystal particles and correspond to the
(211) and (020) planes of Mo2C, respectively, are observed,
conrming the phase composition of the nanoparticles. The
surface coating layer with a thickness of several nanometers is
dened to be C with a relatively large lattice space of 0.383 nm
that is indexed to the typical (002) plane, implying the
successful coating of C on the surface. Mass proportion of the C
in the Mo2C/C composite is around 9 wt% based on the TGA
results (Fig. S1†). From the selected area electron diffraction
(SAED) pattern (Fig. 1e), bright diffraction rings can be
observed, which are attributed to the (002), (020), (221), (203)
and (231) planes of Mo2C, indicating a polycrystalline structure.
Elemental mapping images (Fig. 1j–l) of one nanobelt (Fig. 1i)
demonstrate that there are not only Mo and C elements but also
evident N, indicating the doping of N. According to the above
analysis, it can be concluded that during the pyrolysis process,
N-Mo2C/C is formed through carbonization and reduction
accompanied by N doping, where PPY works as the N source for
Fig. 2 (a) XRD patterns, (b) Raman spectra and (c) N2 adsorption and deso
N-Mo2C/C (red); XPS spectra of (d) Mo 3d, (e) C 1s and (f) N 1s of N-Mo

7822 | J. Mater. Chem. A, 2020, 8, 7819–7827
doping and the C source for the carbonization of MoO3 to form
Mo2C and excess C is le on the surface as coating layers.

Phase compositions and structural information of the nal
product were further determined using the XRD patterns and
Raman spectra in Fig. 2 and b. XRD patterns of the white
precipitate (blue curve of Fig. 2a) collected from the hydro-
thermal product match well with those of the orthorhombic
MoO3 phase (JCPDS no. 89-5108), conrming the formation of
high purity and well-crystallized MoO3. Aer pyrolysis, diffrac-
tion peaks located at 34.64, 38.02, 39.67, 52.23, 61.66, 69.58, and
74.83� in the red curve of Fig. 2a can be, respectively, ascribed to
the (002), (020), (211), (221), (203), (231), and (223) planes of
orthorhombic Mo2C with a space group of Pca21 (JCPDS no. 77-
0720). There are no other additional peaks, indicating the full
conversion of MoO3 to Mo2C. The Raman spectra were also
recorded for MoO3 and N-Mo2C/C and are shown in Fig. 2b. All
the detectable Raman bands centered at 995, 818, 666, 378, 338,
291, 245, 159 and 128 cm�1 can be indexed to the orthorhombic
MoO3 (the blue curve). Characteristic D and G bands assigned to
carbon can be detected and no Raman active vibrations indexed
to Mo2C can be observed for N-Mo2C/C, which is in agreement
with the other Mo2C concerned reports.26–28

To gain detailed information on the N-doping, surface
chemical composition of N-Mo2C/C was further explored by XPS
and tted with the Gaussian law in Fig. 2d–f. Five peaks
centered at around 232.08 eV, 284.08 eV, 398.08 eV, 416.08 eV
and 530.08 eV that can be ascribed to Mo 3d, C 1s, N 1s, Mo 3p
and O 1s, respectively, are distinguished from the survey spec-
trum (Fig. S2†). The high-resolution Mo 3d XPS spectrum
(Fig. 2d) can be divided into six peaks, ascribable to Mo2+ (228.7
and 232.1 eV), Mo4+ (229.5 and 232.8 eV) and Mo6+ (232.6 and
rption isotherms, the inset is pore size distributions of MoO3 (blue) and

2C/C.

This journal is © The Royal Society of Chemistry 2020
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235.9 eV) species,29–31 respectively, implying partial surface
oxidation of Mo2C.14,30,31 In the high-resolution C 1s spectrum
(Fig. 2e), a characteristic peak of the Mo–C bond in Mo2C at
284.5 eV, and four more peaks at 285.0 eV, 285.8 eV, 287.0 eV
and 288.9 eV that correspond to C sp2–C sp2, N–C sp2, N–C sp3

and O–C]O bonds, respectively, can be tted, indicating that
some of the N are successfully doped into the C matrix,30,32

which is helpful for the electron transport. The high-resolution
N 1s spectrum (Fig. 2f) was deconvoluted into four peaks: the
peaks at 396.98, 398.7 and 400.1 eV can be assigned to pyridinic-
N, pyrrolic-N and graphitic-N, respectively; the peak at 394.9 eV
corresponds to the Mo–N bond,23,30,32–34 indicating that there is
also N-doping in the Mo2C matrix. The Mo–N bond formed
between the Mo2C and the C coating layer is expected to
maintain their well contact during reiterative charging/dis-
charging, which is benecial to the stability.30,32,35

Moreover, specic surface areas of MoO3 and N-Mo2C/C
(Fig. 2c) are calculated to be 7.95 and 36.34 m2 g�1, respectively,
using N2 sorption and desorption isotherms with the Brunauer–
Fig. 3 Electrochemical performance of the N-Mo2C/C nanobelts: (a) an
with a potential window ranging from 0.01 to 3 V (vs. Li/Li+); (c) and (d) GC
gravimetric capacity plots calculated based on the CV (blue curve) and th
cycling; (g) long-term cycling behavior measured at 50 mV s�1, inset is

This journal is © The Royal Society of Chemistry 2020
Emmett–Teller (BET) theory. The higher specic surface area of
the N-Mo2C/C nanobelts than that of the MoO3 nanobelts
reects that extra pores are formed during the carbonization
process, which is in agreement with the SEM results. Detailed
pore size distributions of MoO3 (blue) and the N-Mo2C/C (red)
are shown in Fig. 2c. There are more pores for N-Mo2C/C, which
will facilitate the ion diffusion and will ease volume expansion
during charging/discharging.

To evaluate the charge storage ability of the porous N-Mo2C/
C, CV and GCD measurements in a potential window of 0.01 to
3.0 V vs. Li/Li+ were performed and the results are shown in
Fig. 3. In the CV curves (Fig. 3a and b), a very weak redox pair
with a cathodic peak at around 1.2 V and an anodic peak at
about 1.5 V can be observed, and is ignorable when the sweep
rates are higher than 20 mV s�1. The redox pair has been
attributed to the conversion reaction of Mo2C + xLi+ + xe�

/2Mo0 + LixC in the previous reports,12,23,36 but no evidence
that supports this view has ever been provided. More studies
need to be carried out to disclose the origin of this redox pair.
d (b) CV curves obtained at different scan rates from 1 to 2000 mV s�1

D curves tested at different current densities from 0.5 to 200 A g�1; (e)
e GCD (red curve) results; (f) Nyquist plots before and after long-term
the gravimetric capacity plots after cycling.

J. Mater. Chem. A, 2020, 8, 7819–7827 | 7823
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Consistently, negligible charge and discharge platforms at
around 1.5 V/1.2 V are observed in the near-linear GCD curves at
different current densities from 0.5 to 200 A g�1 in Fig. 3c and d.
Specic capacities calculated from the CV and the GCD results
are shown in Fig. 3e. A capacity of 1139 C g�1 (316 mA h g�1) can
be achieved at a scan rate of 1 mV s�1 and still up to 151 C g�1

can be achieved at an extremely high scan rate of 2000 mV s�1,
which means considerable energy can be stored in less than 2
second. However, the capacity is up to 1225 C g�1 at a current
density of 0.5 A g�1 and a high capacity of 208 C g�1 is main-
tained at 200 A g�1, indicating high capability and remarkable
rate performance, much better than those of most Mo-based
electrochemical electrodes (Table S1†), especially in organic
electrolytes.37–39

In addition, long-term cycling stability, another important
parameter to evaluate the N-Mo2C/C electrode, is characterized
at 50 mV s�1 in Fig. 3g. Surprisingly, there is no decay but an
obvious increase in the capacity upon cycling, gradually
increasing in the rst 5000 cycles and then maintained in the
following 10, 000 cycles with a nal capacity as high as �1120 C
g�1. There is another thing worth mentioning that the
coulombic efficiency is close to 100% during the whole cycling
test (blue curve in Fig. 3g). Aer cycling, the capacity can reach
2523 C g�1 at 1 mV s�1 and 2950 C g�1 at 0.5 A g�1, and still be
capable of up to 358 C g�1 at 200 A g�1 (see Fig. S3† and the inset
of Fig. 3g). The performance enhancement should be concerned
with the impedance decline aer cycling, as shown in the EIS of
Fig. 3f.

To conduct more in-depth investigations, the morphological
and structural changes of the electrode aer cycling were also
studied with SEM (Fig. S4†) and HRTEM (Fig. S5†). From the
Fig. 4 (a) Plots of anodic (black curve) and cathodic (red curve) peak curr
these lines reflect b values; (b) surface-controlled capacitive contributio
resented by gray areas at different scan rates of (c) 1 mV s�1, (d) 2 mV s�

7824 | J. Mater. Chem. A, 2020, 8, 7819–7827
SEM image, it can be seen that the nanobelt structure is well
maintained with a more porous surface (see the zoom-in image
of Fig. S4b†). From the HRTEM images (Fig. S5b†), no obvious
crystal particles or lattice fringes can be observed, implying that
the well patterned crystal structure is destroyed and an amor-
phous structure is formed aer long-term cycling, which is
consistent with the SAED patterns (Fig. S5c†), no spots or
circular arcs can be observed. Moreover, the shell seems to be
thicker, close to �20 nm aer cycling (see Fig. S5a†), which is
only several nanometers before cycling (see Fig. 1c). Therefore,
there are three possible reasons for the capacity enhancement:
the better wetting property of the electrolyte owing to the more
porous structure of the electrode, the improved diffusion and
accommodation ability of electrolyte ions because of the
disappearance of grain boundaries at the interface and the bulk
(activity process of the material itself) and the possible forma-
tion of an organic polymeric layer resulting from the decom-
position of the electrolyte, which can deliver excess capacity.40–44

In order to gain insight into the charge storage mechanism,
the dependence of peak current (i) on the sweep rate (v) is
evaluated in Fig. 4. The plot of log(i) versus log(v) from 0.1 to 10
mV s�1 is displayed in Fig. 4a and the b value that reects the
contribution of the capacitive process is calculated with the
power law: i ¼ avb, where a and b are alterable parameters.19,37,45

It is well accepted that the current response is a diffusion-
controlled battery-type process when b ¼ 0.5 while it is
a surface-controlled capacitive process when b ¼ 1.46 For the N-
Mo2C/C electrode, high b values of 0.91 and 0.9 are obtained for
the cathodic and anodic peaks, respectively, implying that the
surface capacitive effect is predominant. In detail, it is
a combination of two mechanisms, the surface-controlled
ent against the scan rate from 0.1 to 10mV s�1 for N-Mo2C/C, slopes of
n to the capacity at different scan rates; capacitive contribution rep-
1, (e) 5 mV s�1 and (f) 10 mV s�1.

This journal is © The Royal Society of Chemistry 2020
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capacitive mechanism (k1v) and the diffusion-controlled
mechanism (k2v

1/2), expressed as: i(V) ¼ k1v + k2v
1/2, where k1

and k2 are alterable parameters.46 By determining the values of
k1 and k2, the fraction of the current caused by capacitive
contribution and battery-type contribution can be determined.

As shown in Fig. 4c–f, the gray areas represent the capacitive
contribution at 1, 2, 5, and 10 mV s�1. The ratio of capacitive
contribution increases along with the sweep rate up to 90% at
10 mV s�1, as shown in Fig. 4b. Even when the sweep rate is low
as 1 mV s�1, the capacitive contribution is still up to �73%,
indicating that the charge storage process is predominantly
surface limited and the charge diffusion in the bulk is very fast,
which should be the main reason for the high rate performance.

Structure evolution of the N-Mo2C/C electrode during
charging/discharging is investigated by in situ SXRD measure-
ment in Fig. 5 and S6.† During this measurement, the half-cell
was rstly discharged to 0.01 V from an open circuit potential
(OCP) of around 2.6 V and then charged to 3 V. The result shows
that no new Bragg peaks are seen except those indexed to Mo2C.
The peaks of Mo2C remain almost intact during one charging/
discharging cycle, and gradually weaken during long-term
Fig. 5 (a) Typical crystal structure of the Mo2C viewed from different dire
d-spacing ranges, highlighting the evolution of the (002), (020), (211) and
the in situ test.

This journal is © The Royal Society of Chemistry 2020
cycling. From the partially enlarged patterns in Fig. S6,† slight
shis of the (002), (211), and (203) peaks to a lower angle during
discharging can be observed, indicating a very slight expansion
of the Mo2C crystals. Opposite changes can be observed during
charging. The size of the zigzag 1D tunnel along the z-axis is
rather large, as shown in Fig. 5a, the slight change of the crystal
structure of Mo2C implies that most of the charge is stored in
the tunnels through fast diffusion and insertion-type capacity
makes the main contribution, which agrees well with the above
analysis shown in Fig. 4.

The initial capacitance of the N-Mo2C/C electrode is higher
than the theoretical value evaluated from the one electron
concerned insertion mechanism. Aer activation of long-term
cycling, the capacitance is increased and is even higher than the
theoretical value (1892 C g�1/524 mA h g�1) calculated accord-
ing to the well-accepted phase conversion mechanism (Mo2C to
Mo). While no LiC6 or Mo phases is identied in the synchro-
tron XRD pattern even at the fully discharged state (0.1 V).
Massive formation of their amorphous phases can also be
excluded by the negligible intensity change of the Mo2C peaks
in a whole charging/discharging cycle (see Fig. 5b). It can be
ctions; (b) in situ SXRD patterns of the N-Mo2C/C electrode in selected
(203) peaks of Mo2C; (c) charging/discharging curve collected during

J. Mater. Chem. A, 2020, 8, 7819–7827 | 7825
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concluded that most of the charges are stored in the 1D tunnel,
while the detailed occupying mode needs further investigation.

4. Conclusion

In this work, a co-step of doping and carbonization is developed
to fabricate structurally stable N-dopedMo2C/C for ultrafast and
high-energy storage. Beneting from the natural properties of
Mo2C (good electronic conductivity and natural tunnel struc-
ture suited for fast ionic diffusion) and the well-designed
structure of the composite, the electrodes exhibit fast and high
energy storage ability. High initial capacitances of 1139 C g�1 at
1 mV s�1, 151 C g�1 at an extremely high scan rate of 2000 mV
s�1 and 208 C g�1 at 200 A g�1 are achieved. Aer long-term
cycling for 15 000 cycles, the capacitances are improved to be
2523 C g�1 at 0.5 A g�1 and 1403 C g�1 at 50 A g�1. The charge
storage mechanism of the electrode is evaluated with the power
law and in situ synchrotron XRD measurements. It is found that
a surface-controlled capacitive process makes the main contri-
bution to the capacity, over 90% when the sweep rate is higher
than 10 mV s�1 and still high as 73% at 1 mV s�1. There is no
phase change but very slight and reversible crystal expansion/
contraction during discharging/charging, implying that most of
the charges are stored in the 1D tunnels, a typical feature of the
insertion-type pseudocapacitive electrode. The good electro-
chemical performance of the Mo2C/C composite makes it
a promising candidate to achieve high power and energy density
simultaneously.
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