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expensive.[12] Earth-abundant transition 
metal compound such as carbides,[16,17] 
nitrides,[18,19] sulfides,[20–23] selenides,[24,25] 
and phosphides[26–29] was recently intro-
duced as more practical and realistic elec-
trocatalysts for the HER, and remarkably 
high performances were achieved using 
numerous compound materials; how-
ever, further enhancement in stability is 
essential for their practical use in acidic 
media.[30–32]

Among the economical electrocata-
lysts, carbides have exhibited exceptional 
activity because of their favorable elec-
tronic structure that originates from the 
modification of the d-band structure 
induced by metal–carbon bond forma-
tion.[11,17,33] Mo2C is a typical example 
that shows high performance in the 
HER, and substantial advances have been 
accomplished by structural and combina-
torial modifications of Mo2C electrocata-

lysts.[16,34–36] Carbide synthesis is often accompanied by severe 
sintering of the particles, which increases the size of the car-
bide catalysts and reduces the performance. Until recently, 
nanostructured Mo2C catalysts have been synthesized with the 
assistance of carbonaceous materials to prohibit agglomeration 
of nanoparticles.[36–38]

In this study, a nanoporous Mo carbide electrode was 
prepared via electrochemical anodization followed by heat 
treatment in a CO atmosphere; the nanoporous Mo carbide 
electrode was directly applied as an electrocatalyst for the HER 

Demands for sustainable production of hydrogen are rapidly increasing because 
of environmental considerations for fossil fuel consumption and development of 
fuel cell technologies. Thus, the development of high-performance and econom-
ical catalysts has been extensively investigated. In this study, a nanoporous Mo 
carbide electrode is prepared using a top-down electrochemical process and it is 
applied as an electrocatalyst for the hydrogen evolution reaction (HER). Anodic 
oxidation of Mo foil followed by heat treatment in a carbon monoxide (CO) 
atmosphere forms a nanostructured Mo carbide with excellent interconnections, 
and these structural characteristics lead to high activity and durability when 
applied to the HER. Additionally, characteristic behavior of Mo is observed; 
metallic Mo nanosheets form during electrochemical anodization by exfoliation 
along the (110) planes. These nanosheets are viable for chemical modification, 
indicating their feasibility in various applications. Moreover, the role of carbon 
shells is investigated on the surface of the electrocatalysts, whereby it is sug-
gested that carbon shells serve as a mechanical barrier against the oxidative 
degradation of catalysts that accompanies unavoidable volume expansion.

Electrocatalysis

1. Introduction

Recent advances in fuel cell technology have increased expec-
tations for practical utilization of hydrogen as an energy 
source.[1–7] Intensive investigations on sustainable produc-
tion of H2 by water electrolysis have been carried out,[8–10] 
especially to develop electrocatalysts to facilitate the hydrogen 
evolution reaction (HER).[11–13] The catalytic activity of plat-
inum is incomparably high for the HER,[14,15] but it is unfa-
vorable for commercial applications because it is rare and 
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(see the schematic summary in Figure 1). This method enabled 
synthesis of nanostructured carbide catalysts without using a 
template or carbonaceous agent but formed an Mo2C electrode 
with a thoroughly interconnected nanostructure and extremely 
thin (≈1 nm) carbon shells on its surface. This nanoporous Mo 
carbide electrode exhibited high activity and excellent durability 
for the HER, which led to a negligible performance drop even 
after 3000 cycles of the accelerated durability test (ADT). Fur-
thermore, we observed the characteristic behavior of Mo in 
anodic oxidation and the role of carbon shells in long-term HER 
operation. Metallic Mo sheets were formed during the anodiza-
tion by exfoliation of the (110) plane; this is different from the 
self-ordering phenomenon seen in other anodic oxides. These 
Mo nanosheets were easily transformed into nanostructured 
compounds by postmodification, implying the feasibility of 
anodic Mo compounds in various applications. In addition, an 
investigation into the role of carbon shells was performed via 
ex situ electron microscopy and X-ray analyses. Based on the 
experimental observations, we herein suggest that carbon shells 
on the surface of electrocatalysts serve as a mechanical barrier 
against the oxidative degradation of electrocatalysts that accom-
panies volume expansion.

2. Results and Discussion

2.1. Electrochemical Synthesis of Nanoporous  
Molybdenum Carbide

Electrochemical anodization of Mo foils was carried out at 
40 V for 2 h at 25 °C using an ethylene glycol electrolyte con-
taining 0.25 wt% NH4F, 2 vol% H2O, and 0.1 M NaOH. NaOH 
was added to create mild anodization conditions for Mo by 
reducing the local pH drop that is responsible for chemical 

dissolution of anodic oxides.[39] For the preparation of Mo car-
bides, as-anodized Mo foils were heat treated at 800 °C for 4 h 
in a carbon monoxide (CO)-filled tubular furnace, and crystal-
line Mo oxide was also prepared for comparison by thermal 
annealing at 450 °C for 4 h in air to gain a deeper under-
standing of the anodi zation of Mo and further modifications. 
The formations of crystalline oxides and carbides were charac-
terized by obtaining X-ray diffraction (XRD) patterns (Figure 2). 
For the as-anodized Mo foil, the only crystalline phase signal is 
from the metallic Mo substrate (JCPDS 01-1208), while MoO3 
peaks (JCPDS 05-0506) are clearly apparent after thermal 
annealing in air. Heat treatment in CO formed carbides identi-
fied as Mo2C (JCPDS 35-0787) with a small amount of MoC 
(JCPDS 45-1015) as a secondary phase. Meanwhile, the Mo 
(110) peak is not present after anodization, and it is undetect-
able in the crystalline Mo oxide and carbide samples after the 
postheat treatment.

Figure 3a shows a digital photograph image of the pristine 
Mo foil, the as-anodized Mo, and the crystalline Mo oxide and 
Mo carbide synthesized by heat treatment in air and a CO 
atmosphere, respectively. The microstructures of the electro-
chemically synthesized Mo compounds were characterized by 
scanning electron microscope (SEM), and Figure 3b,c shows 
SEM images of the as-anodized Mo foil, which was then trans-
formed into crystalline Mo oxides (Figure 3d,e) and Mo car-
bides (Figure 3f,g). Unlike the as-anodized Mo, the Mo oxides, 
and carbides have characteristic nanostructures. From these 
observations, we noticed that the nanostructures form during 
the heat treatment rather than during electrochemical anodi-
zation, though their dimensions are significantly different in 
the oxide and carbide. These samples are denoted as np-MoO3 
and np-Mo2C from the nanoporous structures and phases 
(characterized by XRD analysis) of the crystalline Mo oxide 
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Figure 1. Schematic images summarizing the procedures of electrochemical synthesis of nanoporous Mo carbide and its application in electrochemical 
hydrogen evolution.
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and carbide, respectively. The thicknesses of the np-MoO3 and 
np-Mo2C layers on the Mo substrates were measured from the 
cross-sectional SEM images (see Figure S1, Supporting Infor-
mation) and are ≈2 µm for both.

Transmission electron microscope (TEM) images were 
obtained to investigate the nanostructures and crystallinity 
of the Mo compounds. Figure 4a,b shows that the surface 
of the as-anodized Mo foil is composed of nanosheets. Par-
tially crystalline phases are observed at the edges within ten 

mono layers, and this is characterized as MoO3 from the lattice 
spacing of 0.38 nm corresponding to the (110) plane. Based 
on the XRD result where the (110) peak of the Mo metal is 
diminished after anodization, and the fact that the as-anodized 
Mo had sheet-like morphologies, we could perceive that the 
exfoliations occur at the (110) plane of Mo during the electro-
chemical anodization (this phenomenon is discussed below in 
more detail). After the heat treatment in air, a crystalline oxide 
of several hundreds of nanometers was formed (np-MoO3), as 
displayed in Figure 4c. The high-magnification TEM image 
shows a lattice spacing of 0.38 nm (Figure 4d), which matches 
the (110) plane of MoO3. The TEM images in Figure 4e–h show 
the morphologies of np-Mo2C, of which sizes are approxi-
mately tens of nanometers. The high-magnification image dis-
played in Figure 4g and the (101) planes of the Mo2C crystals 
with d-spacings of 0.23 nm are apparent. The crystalline Mo2C 
phase was further confirmed by fast Fourier transform (FFT) 
analysis (see Figure 4h).

Additionally, it is notable that thin carbon shells with a thick-
ness of around 1 nm are present on the surface of np-Mo2C. 
Formation of carbon layers has been frequently observed in a 
number of previous studies wherein carbide materials were 
synthesized by heat treatment in a gaseous precursor-filled 
chamber.[40,41] The carbon shells seem to have originated from 
the chars from the pyrolysis of C-containing gases.[42,43] It was 
reported that around 50% of activity drop occurs when the gra-
phitic carbon on the catalyst’s surface is composed of three to 
four monolayers.[40] Meanwhile, carbon shells are known to 
enhance the stability of electrocatalysts by suppressing degrada-
tion.[40,44,45] Therefore, an enhancement in stability and loss in 
catalytic activity was expected for np-Mo2C due to the presence 
of carbon shells on the surface.

We performed X-ray photoelectron spectroscopy (XPS) 
to characterize the surface states of the synthesized Mo 
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Figure 2. XRD patterns of Mo foil, as-anodized Mo, Mo oxide, and Mo 
carbide. The signals were assigned in accordance with the reference 
2-theta positions of Mo (black bars, JCPDS 01-1208), MoO3 (red bars, 
JCPDS 05-0506), MoC (blue dotted bars, JCPDS 45-1015), and Mo2C 
(blue bars, JCPDS 35-0787).

Figure 3. a) Digital images of Mo foil and anodized Mo before and after heat treatments in air (oxide) or a CO atmosphere (carbide). SEM images of 
b,c) as-anodized Mo, d,e) Mo oxide, and f,g) Mo carbide.
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compounds. In the XPS survey spectra displayed in Figure 5a, 
all of the peaks were able to be assigned as signals from Mo, O, 
and C. Figure 5b shows Mo 3d spectra of the Mo compounds, 
and several noteworthy observations were made. For the Mo foil, 
peaks from metallic Mo are observed at binding energy (BE) 

positions of 228.2 and 231.4 eV, and those from the oxidized 
surface are apparent at 232.7 and 235.9 eV.[46,47] Interestingly, 
signals from metallic Mo are detected for as-anodized Mo, and 
the overall shape of its Mo 3d spectrum is similar to that of the 
Mo foil. This indicates that in our case, the surface of Mo foil 

Adv. Sci. 2018, 5, 1700601

Figure 4. TEM images of a,b) as-anodized Mo, c,d) Mo oxide, and e–h) Mo carbides. The inset in (h) shows the FFT patterns.

Figure 5. XPS a) survey, b) Mo 3d, and c) C 1s spectra, and d) Raman spectra of Mo foil, as-anodized Mo, Mo oxide, and Mo carbide. The inset in (b) 
shows the enlarged XPS Mo 3d spectrum of Mo carbide.
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is unlikely to be transformed into Mo oxides during the anodi-
zation process. In contrast, only the strong Mo oxide peaks are 
observed after thermal annealing in air. These results imply that 
the oxidation of Mo takes place during the heat treatment step 
rather than during the electrochemical anodization step. Mean-
while, signals at 228.7 and 231.9 eV are detected for np-Mo2C, 
and these results correspond to the BE positions of Mo2C.[48,49] 
Compared to other samples, the Mo 3d peak intensities are 
smaller in np-Mo2C, probably due to the presence of carbon 
shells on the surface, and this can be supported by the substan-
tially large C 1s signal of np-Mo2C (Figure 5c). From the Raman 
spectra displayed in Figure 5d, the chemical identity of np-MoO3 
is crosschecked by the signals that matched exactly with previous 
reports on MoO3, including the high-intensity peaks at 819 cm−1 
(terminal MoO stretching) and 993 cm−1 (bridge MoOMo 
stretching).[50,51] In addition, the existence of graphitic carbon 
layers on np-Mo2C is clearly verified by the D and G signals at 
1350 and 1580 cm−1, respectively.[52] Another noteworthy obser-
vation from the Raman analysis was that the as-anodized Mo did 
not exhibit any response. Together with the XPS spectra, where 
almost identical signals were obtained from the pristine and 
anodized Mo foils, the Raman spectra verify that the nanosheets 
formed during anodic oxidation are metallic Mo.

2.2. Characteristic Behavior of Molybdenum during Anodic 
Oxidation

As mentioned above, Mo exhibits an interesting behavior during 
the electrochemical anodic oxidation process: metallic Mo 
sheets are formed by exfoliations at the (110) planes. In general, 
nanostructured anodic oxides develop during anodization, and 
thermal annealing in air is merely responsible for increasing 
the crystallinity. In addition, chemical transformations by heat 
treatment in a gaseous precursor-filled atmosphere seldom 
trigger significant changes in the overall nanostructures. These 
phenomena have been reported for various materials, such as 

Al,[53] Ti,[54,55] Fe,[56,57] Sn,[58,59] and W.[60,61] In contrast, anodi-
zation-induced exfoliation at the (110) planes of Mo results in 
the Mo nanosheets with partially oxidized edges. These anodic 
sheets are feasible for postmodification into different chemical 
compositions and morphologies depending on the heat treat-
ment conditions. In our case, as-anodized Mo is rearranged 
into the nanostructured oxide or carbide during the heat treat-
ment in air or CO atmosphere, respectively.

We performed further investigations to determine whether 
this phenomenon is caused by our specific experimental con-
dition. Since it is well known that F−-containing compound 
(e.g., NH4F or NaF) and H2O are necessary for electrochemical 
anodization in viscous organic electrolytes,[39,62] we investigated 
the effect of the other additive—NaOH—on the exfoliation of 
Mo. Figure 6a shows the XRD patterns of as-anodized Mo foils 
prepared by using the electrolyte with different NaOH contents 
(none, 0.05, 0.10, and 0.15 m). Exfoliation at the (110) plane 
is recognizable in all cases by the diminished Mo (110) peak. 
Moreover, negligible difference in morphology is observable 
from the SEM analyses (see Figure 6b–e). It was also verified 
that the disappearance of the Mo (110) peak does not originate 
from the postheat treatment, which is confirmed by observing 
the presence of the Mo (110) peak from the XRD pattern of 
the heat-treated (450 °C in air) Mo foil (see XRD patterns in 
Figure S2, Supporting Information). Recently, Schmuki and 
co-workers reported the synthesis of nanotubular Mo oxide 
by using a viscous electrolyte with extremely high NH4F and 
H2O contents,[63] and in concurrence with this, we are able to 
conclude that exfoliation of Mo to produce metallic nanosheets 
during anodic oxidation is a characteristic behavior of Mo, espe-
cially under mild anodization conditions.

2.3. Application of Nanoporous Molybdenum Carbide  
in Electrocatalytic Hydrogen Evolution Reaction

Electrochemical anodization of Mo followed by postfunction-
alization forms a nanostructured Mo carbide film with high 

Adv. Sci. 2018, 5, 1700601

Figure 6. a) XRD patterns of as-anodized Mo foils when electrolytes containing 0–0.15 m of NaOH were used. The signals were assigned with black 
circles in accordance with the reference 2-theta positions of Mo (black bars, JCPDS 01-1208). SEM images of as-anodized Mo foil when electrolytes 
containing b) none, c) 0.05 m, d) 0.10 m, or e) 0.15 m of NaOH was used. The SEM images were taken after the focused ion beam milling.
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uniformity and connectivity. In addition to the benefits origi-
nating from the nanomorphologies, np-Mo2C was expected to 
have an excellent durability in various electrocatalyses because 
polymeric binders and carbonaceous conducting agents are not 
required for the electrode preparation due to its interconnected 
nanostructure. Moreover, the presence of thin carbon shells on 
the surface is known to effectively suppress any possible deg-
radations.[64–67] Since Mo carbide is known for its favorable 
electronic structure for catalyzing electrochemical HER,[36] we 
applied np-Mo2C as an electrocatalyst for hydrogen evolution 
in an acidic medium (0.5 m H2SO4 solution). Figure 7a shows 
the iR-corrected HER polarization curves of Pt foil, commer-
cial Mo2C (chemical composition was confirmed by XRD, see 
Figure S3, Supporting Information), and np-Mo2C prepared by 
the electrochemical method. Compared with Pt, which mani-
fests a steep increase in the HER current when the potential 
is below 0 V versus reversible hydrogen electrode (RHE), both 
of the Mo2C show moderate performances. The overpotential 
to achieve 10 mA cm−2 is 12 mV for Pt, but 229 and 254 mV 
are needed for the same HER current density in the cases of 
np-Mo2C and commercial Mo2C, respectively. Given that MoS2 
catalysts that are well known for high activity in the HER mani-
fested the overpotentials of 166 and 253 mV in amorphous and 
crystalline phases, respectively, under the same experimental 
condition (Figure S4, Supporting Information), the activity of 
np-Mo2C seemed to be within the comparable range to other 
conventional Mo compound catalysts. To further investigate the 
performances of commercial and the electrochemically synthe-
sized Mo2C, the loaded amount of Mo carbide on np-Mo2C was 
calculated by multiplying the geometric area of the electrode 
(0.196 cm2), thickness of the carbide film (2 µm), and density of 
Mo2C (8.9 g cm−3) under the assumption of zero-porosity. Given 
that np-Mo2C has a nanoporous morphology, no more than  
349 µg of electrochemically synthesized Mo carbide is present on  
the electrode for HER measurement. Meanwhile, the weight 
of the commercial Mo2C loaded on the rotating disk electrode 
(RDE) was 491 µg over the same geometric area (0.196 cm2). 

Therefore, we were able to verify that the performance of 
np-Mo2C is superior to that of commercial Mo2C, and this 
result is ascribable to the effective utilization of active materials 
by favorable nanostructures and excellent interconnections in 
np-Mo2C, as discussed in the previous section.

It is also noteworthy that the np-Mo2C is superior in perfor-
mance even with the graphitic carbon shell with ≈1 nm thick-
ness on the surface. We additionally performed ADT of the Mo 
carbides over 3000 potential cycles, and the HER activities of 
commercial Mo2C and np-Mo2C after the ADT are displayed 
as dashed lines in Figure 7a. Unlike commercial Mo2C, which 
shows a poor stability for long-term operation, np-Mo2C exhibits 
a negligible performance drop, even after 3000 cycles of ADT. 
The highly durable properties of np-Mo2C can be understood as 
a consequence of excellent connectivity, exclusion of polymeric 
binders and carbonaceous conducting agents, and presence of 
thin carbon shells on the surface. The HER activity of commer-
cial Mo2C without a conducting agent was also measured for 
comparison, but extremely poor performance and stability was 
observed (Figure S5, Supporting Information).

The Tafel slopes of the HER electrocatalysts were obtained 
by linear fits within the kinetic region, and the values are dis-
played in Figure 7b. It is well known that the Tafel slopes of 30, 
40, or 120 mV dec−1 indicate that the rate determining step is 
Tafel (Hads + Hads → H2), Heyrovský (H+ + e− + Hads → H2), or 
Volmer (H+ + e− + * → Hads, * stands for an active site) reac-
tion, respectively.[68–70] The Tafel slope of the Pt foil is measured 
as 35.0 mV dec−1, which is consistent with previous reports 
that the reaction between Hads dictates the overall HER perfor-
mance for Pt.[68,71] On the other hand, both commercial and 
electrochemically synthesized Mo carbide exhibit Tafel slopes of 
≈100 mV dec−1, which shows that the HER proceeds on Mo2C 
through Volmer–Heyrovský reaction. We additionally obtained 
the HER polarization curve and Tafel plot of np-MoO3, and the 
results are displayed in Figure S6 in the Supporting Informa-
tion. The activity of np-MoO3 is inferior to those of the Mo 
carbides, and it manifests a Tafel slope of 107.9 mV dec−1 in 
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Figure 7. a) iR-corrected HER polarization curves and b) Tafel plot of Pt foil, commercial Mo carbide, and electrochemically synthesized Mo carbide. 
The electrochemical measurements were performed in 0.5 m H2SO4 solution, at the scan rate of 20 mV s−1 and rotation speed of 2000 rpm. The 
solid and dashed curves in (a) respectively show the HER currents before and after the 3000 cycles of ADT, which was carried out at the scan rate of 
100 mV s−1. The values in (b) indicate the Tafel slopes.
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the kinetic current region. This indicates that the HER mech-
anism on the surface of MoO3 in an acidic medium also fol-
lows Volmer–Heyrovský steps. Meanwhile, the Tafel slope of 
np-MoO3 shows a steep increase at ≈−0.18 V versus RHE, indi-
cating that hydrogen adsorption is more severely hindered at 
lower potentials. Mo oxide is a well-known material for rapid 
cation intercalation,[72–74] and thus the rate limiting at hydrogen 
adsorption reaction can be attributed to the competition 
between proton intercalation and hydrogen adsorption. There 
are possibilities for H+ located near the Mo oxide to move into 
the oxide lattice rather than participating in Volmer reaction, 
consequently deteriorating the adsorption of hydrogen.

2.4. Investigations on the Role of Carbon Shells

To understand the origin of the stability of np-Mo2C, TEM anal-
yses were performed on the electrochemically synthesized and 
commercial Mo2C after the ADT. Figure 8a,b shows high-mag-
nification TEM images of np-Mo2C after 3000 cycles of acceler-
ated potential scans, and no notable changes are observed at 
the surface of Mo2C. In contrast, severe surface oxidation is 
apparent in commercial Mo2C after the durability test. TEM 
images were also obtained for the commercial Mo2C, and they 
are displayed in Figure 8c–f (high magnification) and Figure S7 

in the Supporting Information (low magnification). Figure 8c,d 
shows the TEM images of the commercial Mo2C before the 
potential cycling; the Mo2C lattice is clearly observable even at 
the outermost surface. However, Mo oxide layers form on the 
surface of the commercial Mo2C (Figure 8e,f) after 3000 cycles 
of ADT. The Mo oxide is identified at the surface of the com-
mercial Mo2C based on the d-spacing of 0.38 nm, which is con-
sistent with the (110) plane of MoO3.

The changes in surface states of the Mo carbide catalysts 
during the electrochemical H2 production were additionally 
investigated by ex situ XPS analyses before and after the ADT. 
Figure 9a,d shows survey spectra of np-Mo2C and commercial 
Mo2C, respectively, and only Mo, C, and O signals are observed, 
except for a strong F 1s peak for commercial Mo2C. The signal 
related to F originates from the polymeric Nafion binder used 
for the catalyst ink preparation and drop casting. The core level 
Mo 3d (Figure 9b) and C 1s (Figure 9c) spectra of np-Mo2C 
indicate a negligible change in the chemical states of the sur-
face during the 3000 cycles of ADT. Meanwhile, as can be seen 
from the Mo 3d spectra displayed in Figure 9e, strong Mo 
oxide signals located at 232.7 and 235.9 eV were observable for 
commercial Mo2C both before and after the potential cycling. 
This is ascribable to surface oxidation of the commercial car-
bides that occur upon contact with air or during the catalyst 
ink preparation, and we could not obtain any useful informa-
tion from the Mo 3d spectra of the commercial Mo2C catalysts. 
On the other hand, a significant difference is observed between 
the C 1s spectra (Figure 9f) of the commercial Mo2C obtained 
before and after the ADT. Signals at 284.6 eV show the pres-
ence of graphitic carbon, and the peaks at ≈291 eV originate 
from the C–F species in the Nafion binders. The decreased 
intensity of signals from C–F species (in C 1s and F 1s) and 
the increase in the peak from graphitic carbon might be the 
consequence of degradation or detachment of binders. How-
ever, given that the Nafion is a widely used binder in aqueous 
electrocatalysis due to their excellent stability,[75] the difference 
between the intensities of the peaks at around 291 and 284.6 eV 
seems to be ascribable to the inhomogeneity in the catalyst ink, 
though it was prepared with the assistance of ultrasonication. 
Interestingly, a peak at around 289 eV is apparent for the com-
mercial Mo2C after the ADT, while it was undetectable before-
hand. According to the results from previous studies, this peak 
is understood as the signals from carbonyl species that form 
on Mo2C during surface oxidation.[76,77] These results verify that 
chemical oxidation of Mo2C occurs during the electrochemical 
HER, although this phenomenon is not observed for np-Mo2C. 
This implies that the carbon shells on the surface of the cata-
lysts play a key role in enhancing the durability by suppressing 
surface oxidation of Mo carbide catalysts.

The discussion above leaves an unanswered question on 
the role of carbon shells on the stability of np-Mo2C because 
the surface of Mo carbide beneath the carbon shell does par-
ticipate in the electrochemical HER; this contrasts the ben-
efits of carbon shells that are usually understood as a layer 
that blocks the surface from chemical degradation. However, 
there is an inconsistency here because the catalytic reaction 
and chemical oxidation occur on the same surface of the elec-
trocatalysts. For that reason, the exact role of carbon shells on 
the surface of various electrocatalysts is still unclear, though 

Adv. Sci. 2018, 5, 1700601

Figure 8. a,b) TEM images of electrochemically synthesized Mo carbide 
after the ADT, and those of commercial Mo2C c,d) before and e,f) after 
the ADT.
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their effectiveness in terms of enhanced durability has been 
experimentally verified in a number of applications.[44,45,64–67] 
Based on our observations from the ex situ analyses, we would 
like to suggest here that the role of carbon shells is to serve 
as mechanical barriers to suppress oxidation of carbide surface 
that unavoidably accompanies volume expansion, as described 
in the schematic images in Figure 10. Unlike Mo2C, wherein 
there are two Mo atoms per carbon atom, three O atoms exist 
per Mo atom in MoO3. This difference creates a significant gap 
between the volume of Mo2C and that of MoO3, which indicates 

that oxidation of Mo carbide accompanies a sharp increase in 
volume. Therefore, thin carbon shells may suppress surface 
oxidation by their mechanical strength that hinders volume 
expansion of the carbide catalysts. This enables a general expla-
nation on the role of carbon shells without any contradiction 
because our suggestion explains the suppression of chemical 
oxidation without blocking of active sites of electrocatalysts. We 
believe that our suggestion provides a possible origin for the 
excellent durability of np-Mo2C and gives important insights 
into comprehending the origin of the enhanced durability of 

Figure 9. XPS a,d) survey, b,e) Mo 3d, and c,f) C 1s spectra of a–c) electrochemically synthesized Mo carbide and d–f) commercial Mo2C before and 
after the ADT.

Figure 10. Schematic images of the surface oxidation of a) Mo carbide with a carbon shell on the surface and b) bare Mo carbide before and after the 
electrochemical operation in an acidic medium.
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electrocatalysts with carbon shells because surface oxidation is 
one of the most dominant degradation mechanisms in various 
compound and metallic electrocatalysts.[78,79]

3. Conclusions

In summary, we prepared nanostructured Mo carbide by elec-
trochemical anodization of Mo foil followed by heat treatment 
in a CO atmosphere. During the anodization, a distinctive 
behavior of Mo was observed, whereby exfoliation of metallic 
Mo at the (110) planes occurred rather than formation of nano-
structured anodic oxides. The exfoliated Mo nanosheets were 
viable for postmodification, and Mo carbide with a nanopo-
rous morphology and excellent interconnections was prepared. 
When applied to the HER, the Mo carbide electrode manifested 
a highly active and durable performance as an electrocatalyst 
and exhibited a negligible performance drop after 3000 cycles 
of accelerated operations. Furthermore, the role of carbon 
shells on the surface of the Mo carbide was suggested as a 
mechanical barrier to suppress oxidative degradation at the  
catalyst surface, which inevitably accompanies volume expan-
sion. We believe that the findings and discussion performed in 
this study provide important insights into the design and syn-
thesis of nanostructured Mo compound catalysts for the HER. 
Moreover, our understanding on the role of the thin carbon 
shells is anticipated to bring advances in the durability of nano-
electrocatalysts for practical and long-term operation of electro-
chemical devices.

4. Experimental Section
Preparation and Physical Characterization of Nanoporous MoO3 and 

Mo2C: Molybdenum foil (99.95%, 0.25 mm thick, Alfa Aesar) was cut 
into 1.5 cm × 2.0 cm pieces, flattened, and sequentially cleaned in 
acetone, ethanol, and deionized water for 10 min by ultrasonication. 
Electrochemical anodization of Mo foil was performed in a two-electrode 
system at 40 V for 2 h at 25 °C using an ethylene glycol electrolyte 
containing 0.25 wt% NH4F, 0.1 m NaOH, and 2 vol% H2O, and a Pt 
mesh was used as the counter electrode. After anodization, crystalline 
MoO3 and Mo2C films were prepared by heat treatment at 450 °C for 
4 h in air and at 800 °C for 4 h in a CO atmosphere, respectively. The 
commercial Mo2C electrode was prepared by loading Mo2C powders 
(99.5%, Alfa Aesar) on a glassy carbon by casting in the form of ink with 
the assistance of Nafion binder and carbon black as a conducting agent. 
For the comparative study, commercial crystalline MoS2 (99%, Sigma-
Aldrich) and amorphous MoS2 synthesized according to a previous 
report[80] were used. The morphologies of the Mo compounds were 
imaged by using SEM (Carl Zeiss AURIGA) and TEM (JEOL JEM-2100F). 
The XRD measurements were performed using a Rigaku D-MAX2500-PC, 
and the XPS spectra were obtained using Thermo SIGMA PROBE 
spectrometer. Raman spectra were measured using Horiba Jobin-Yvon 
LabRam Aramis spectrometer (excitation source: 514 nm line of an 
Ar-ion laser).

Electrochemical Analyses: Polarization curves for the HER were 
obtained using an RDE at a rotation speed of 2000 rpm. Nanoporous 
Mo2C was attached to a specially designed RDE tip, and commercial 
Mo2C powders mixed with Nafion (as a binder) and carbon black (as 
a conducting agent) were loaded onto the glassy carbon tip for RDE 
measurements. Potential cycling was performed using a potentiostat 
(Metrohm Autolab PGSTAT). A glassy carbon rod served as the counter 
electrode and a saturated calomel electrode was used as a reference 

during the measurements. H2-saturated 0.5 m H2SO4 solution was 
used as the electrolyte, and the scan rates were 20 and 100 mV s−1 
for obtaining HER polarization curves and ADT cycling, respectively. 
All the electrochemical measurements were performed at 293 K. For 
the ex situ analysis of the commercial Mo2C before and after the ADT, 
fluorine-doped tin oxide-coated glass (TEC-8, Pilkington) was used as a 
conductive substrate.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
J.S.K., J.K., and M.J.L. contributed equally to this work. Y.-E.S. 
acknowledges that this work was support by the Institute for Basic 
Science (IBS) in Republic of Korea (Project Code: IBS-R006-G1 and IBS-
R006-D1). H.S.P. acknowledges supports from the National Research 
Foundation (NRF) of Korea (2016M3D1A1021142) funded by the 
Ministry of Science, information and communications technologies 
(ICT) and Future Planning of Korea. H.C. acknowledges supports from 
the NRF (2009-0093814; 2014R1A2A1A11052513).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
anodization, carbon shells, electrocatalysts, hydrogen evolution, 
molybdenum carbide

Received: September 16, 2017
Revised: October 20, 2017

Published online: December 19, 2017

[1] N. Jung, D. Y. Chung, J. Ryu, S. J. Yoo, Y.-E. Sung, Nano Today 2014, 
9, 433.

[2] Y. Jiao, Y. Zheng, M. Jaroniec, S. Z. Qiao, Chem. Soc. Rev. 2015, 44, 
2060.

[3] S. Lee, D.-H. Kwak, S.-B. Han, Y.-W. Lee, J.-Y. Lee, I.-A. Choi, 
H.-S. Park, J.-Y. Park, K.-W. Park, ACS Catal. 2016, 6, 5095.

[4] Y. J. Sa, D.-J. Seo, J. Woo, J. T. Lim, J. Y. Cheon, S. Y. Yang, J. M. Lee, 
D. Kang, T. J. Shin, H. S. Shin, H. Y. Jeong, C. S. Kim, M. G. Kim, 
T.-Y. Kim, S. H. Joo, J. Am. Chem. Soc. 2016, 138, 15046.

[5] D.-H. Kwak, S.-B. Han, Y.-W. Lee, H.-S. Park, I.-A. Choi, K.-B. Ma, 
M.-C. Kim, S.-J. Kim, D.-H. Kim, J.-I. Sohn, K.-W. Park, Appl. Catal., 
B 2017, 203, 889.

[6] V. R. Stamenkovic, D. Strmcnik, P. P. Lopes, N. M. Markovic, Nat. 
Mater. 2017, 16, 57.

[7] Z. W. Seh, J. Kibsgaard, C. Dickens, I. Chorkendorff, J. K. Nørskov,  
T. F. Jaramillo, Science 2017, 355, eaad4998.

[8] J. A. Turner, Science 2004, 305, 972.
[9] N. S. Lewis, D. G. Nocera, Proc. Natl. Acad. Sci. USA 2006, 103, 

15729.
[10] H. B. Gray, Nat. Chem. 2009, 1, 7.
[11] W.-F. Chen, J. T. Muckerman, E. Fujita, Chem. Commun. 2013, 49, 

8896.



www.advancedsciencenews.com

1700601 (10 of 10) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Adv. Sci. 2018, 5, 1700601

[12] Y. Zhang, X. Zou, Chem. Soc. Rev. 2015, 44, 5148.
[13] Y. Shi, B. Zhang, Chem. Soc. Rev. 2016, 45, 1529.
[14] J. K. Nørskov, T. Bligaard, A. Logadottir, J. R. Kitchin, J. G. Chen, 

S. Pandelov, U. Stimming, J. Electrochem. Soc. 2005, 152, J23.
[15] J. Greeley, T. F. Jaramillo, J. Bonde, I. Chorkendorff, J. K. Nørskov, 

Nat. Mater. 2006, 5, 909.
[16] W.-F. Chen, C.-H. Wang, K. Sasaki, N. Marinkovic, W. Xu,  

J. T. Muckerman, Y. Zhu, R. R. Adzic, Energy Environ. Sci. 2013, 6, 
943.

[17] R. Michalsky, Y.-J. Zhang, A. A. Peterson, ACS Catal. 2014, 4, 1274.
[18] W.-F. Chen, K. Sasaki, C. Ma, A. I. Frenkel, N. Marinkovic,  

J. T. Muckerman, Y. Zhu, R. R. Adzic, Angew. Chem. Int. Ed. 2012, 
51, 6131.

[19] J. Xie, S. Li, X. Zhang, J. Zhang, R. Wang, H. Zhang, B. Pan, Y. Xie, 
Chem. Sci. 2014, 5, 4615.

[20] T. F. Jaramillo, K. P. Jørgensen, J. Bonde, J. H. Nielsen, S. Horch, 
I. Chorkendorff, Science 2007, 317, 100.

[21] D. Y. Chung, S.-K. Park, Y.-H. Chung, S.-H. Yu, D.-H. Lim, N. Jung, 
H. C. Ham, H.-Y. Park, Y. Piao, S. J. Yoo, Y.-E. Sung, Nanoscale 2014, 
6, 2131.

[22] D. Jasion, J. M. Barforoush, Q. Qiao, Y. Zhu, S. Ren, K. C. Leonard, 
ACS Catal. 2015, 5, 6653.

[23] B. Seo, G. Y. Jung, Y. J. Sa, H. Y. Jeong, J. Y. Cheon, J. H. Lee,  
H. Y. Kim, J. C. Kim, H. S. Shin, S. K. Kwak, S. H. Joo, ACS Nano 
2015, 9, 3728.

[24] D. Kong, H. Wang, Z. Lu, Y. Cui, J. Am. Chem. Soc. 2014, 136, 4897.
[25] S. Mao, Z. Wen, S. Ci, X. Guo, K. Ostrikov, J. Chen, Small 2015, 11, 

414.
[26] E. J. Popczun, J. R. McKone, C. G. Read, A. J. Biacchi, A. M. Wiltrout, 

N. S. Lewis, R. E. Schaak, J. Am. Chem. Soc. 2013, 135, 9267.
[27] E. J. Popczun, C. G. Read, C. W. Roske, N. S. Lewis, R. E. Schaak, 

Angew. Chem. Int. Ed. 2014, 53, 5427.
[28] B. Seo, D. S. Baek, Y. J. Sa, S. H. Joo, CrystEngComm 2016, 18,  

6083.
[29] L. Tian, X. Yan, X. Chen, ACS Catal. 2016, 6, 5441.
[30] J. R. McKone, S. C. Marinescu, B. S. Brunschwig, J. R. Winkler,  

H. B. Gray, Chem. Sci. 2014, 5, 865.
[31] M. Zeng, Y. Li, J. Mater. Chem. A 2015, 3, 14942.
[32] J. Wang, F. Xu, H. Jin, Y. Chen, Y. Wang, Adv. Mater. 2017, 29, 

1605838.
[33] J. G. Chen, Chem. Rev. 1996, 96, 1477.
[34] H. B. Wu, B. Y. Xia, L. Yu, X.-Y. Yu, X. W. Lou, Nat. Commun. 2015, 

6, 6512.
[35] Z.-Y. Wu, B.-C. Hu, P. Wu, H.-W. Liang, Z.-L. Yu, Y. Lin, Y.-R. Zheng, 

Z. Li, S.-H. Yu, NPG Asia Mater. 2016, 8, e288.
[36] Y. Huang, Q. Gong, X. Song, K. Feng, K. Nie, F. Zhao, Y. Wang, 

M. Zeng, J. Zhong, Y. Li, ACS Nano 2016, 10, 11337.
[37] J.-S. Li, Y. Wang, C.-H. Liu, S.-L. Li, Y.-G. Wang, L.-Z. Dong, 

Z.-H. Dai, Y.-F. Li, Y.-Q. Lan, Nat. Commun. 2016, 7, 11204.
[38] H. Zhang, Z. Ma, G. Liu, L. Shi, J. Tang, H. Pang, K. Wu, T. Takei, 

J. Zhang, Y. Yamauchi, J. Ye, NPG Asia Mater. 2016, 8, e293.
[39] J. H. Lim, J. Choi, Small 2007, 3, 1504.
[40] Y. C. Kimmel, D. V. Esposito, R. W. Birkmire, J. G. Chen, Int. J. 

Hydrogen Energy 2012, 37, 3019.
[41] X. Fan, H. Zhou, X. Guo, ACS Nano 2015, 9, 5125.
[42] E. V. Matus, I. Z. Ismagilov, O. B. Sukhova, V. I. Zaikovskii,  

L. T. Tsikoza, Z. R. Ismagilov, Ind. Eng. Chem. Res. 2007, 46, 4063.
[43] V. Presser, M. Heon, Y. Gogotsi, Adv. Funct. Mater. 2011, 21, 810.
[44] D. Y. Chung, S. W. Jun, G. Yoon, S. G. Kwon, D. Y. Shin, P. Seo, 

J. M. Yoo, H. Shin, Y.-H. Chung, H. Kim, B. S. Mun, K.-S. Lee, 
N.-S. Lee, S. J. Yoo, D.-H. Lim, K. Kang, Y.-E. Sung, T. Hyeon, J. Am. 
Chem. Soc. 2015, 137, 15478.

[45] X. X. Du, Y. He, X. X. Wang, J. N. Wang, Energy Environ. Sci. 2016, 
9, 2623.

[46] W.-C. Chang, X. Qi, J.-C. Kuo, S.-C. Lee, S.-K. Ng, D. Chen, CrystEng-
Comm 2011, 13, 5125.

[47] J. Meyer, P. R. Kidambi, B. C. Bayer, C. Weijtens, A. Kuhn, 
A. Centeno, A. Pesquera, A. Zurutuza, J. Robertson, S. Hofmann, 
Sci. Rep. 2014, 4, 5380.

[48] C. G. Morales-Guio, K. Thorwarth, B. Niesen, L. Liardet, 
J. Patscheider, C. Ballif, X. Hu, J. Am. Chem. Soc. 2015, 137,  
7035.

[49] R. Li, S. Wang, W. Wang, M. Cao, Phys. Chem. Chem. Phys. 2015, 17, 
24803.

[50] R. Murugan, A. Ghule, C. Bhongale, H. Chang, J. Mater. Chem. 
2000, 10, 2157.

[51] J. V. Silveira, L. L. Vieira, J. M. Filho, A. J. C. Sampaio, O. L. Alves,  
A. G. S. Filho, J. Raman Spectrosc. 2012, 43, 1407.

[52] A. C. Ferrari, J. Robertson, Phys. Rev. B 2000, 61, 14095.
[53] W. Lee, S.-J. Park, Chem. Rev. 2014, 114, 7487.
[54] P. Roy, S. Berger, P. Schmuki, Angew. Chem. Int. Ed. 2011, 50,  

2904.
[55] K. Lee, A. Mazare, P. Schmuki, Chem. Rev. 2014, 114, 9385.
[56] H. E. Prakasam, O. K. Varghese, M. Paulose, G. K. Mor, 

C. A. Grimes, Nanotechnology 2006, 17, 4285.
[57] J. Wu, L. Liu, S. Liu, P. Yu, Z. Zheng, M. Shafa, Z. Zhou, H. Li, H. Ji, 

J. M. Wang, Nano Lett. 2014, 14, 6002.
[58] H.-C. Shin, J. Dong, M. Liu, Adv. Mater. 2004, 16, 237.
[59] A. Palacios-Padrós, M. Altomare, K. Lee, I. Díez-Pérez, F. Sanz, 

P. Schmuki, ChemElectroChem 2014, 1, 1133.
[60] Y.-C. Nah, A. Ghicov, D. Kim, P. Schmuki, Electrochem. Commun. 

2008, 10, 1777.
[61] T.-H. Kim, H. J. Jeon, J.-W. Lee, Y.-C. Nah, Electrochem. Commun. 

2015, 57, 65.
[62] K. S. Raja, T. Gandhi, M. Misra, Electrochem. Commun. 2007, 9, 

1069.
[63] B. Jin, X. Zhou, L. Huang, M. Licklederer, M. Yang, P. Schmuki, 

Angew. Chem. Int. Ed. 2016, 55, 12252.
[64] M. Zhuang, X. Ou, Y. Dou, L. Zhang, Q. Zhang, R. Wu, Y. Ding, 

M. Shao, Z. Luo, Nano Lett. 2016, 16, 4691.
[65] Z. Pu, X. Ya, I. S. Amiinu, Z. Tu, X. Liu, W. Li, S. Mu, J. Mater. Chem. 

A 2016, 4, 15327.
[66] D. Y. Chung, S. W. Jun, G. Yoon, H. Kim, J. M. Yoo, K.-S. Lee, T. Kim, 

H. Shin, A. K. Sinha, S. G. Kwon, K. Kang, T. Hyeon, Y.-E. Sung, 
J. Am. Chem. Soc. 2017, 139, 6669.

[67] F. Yang, Y. Chen, G. Cheng, S. Chen, W. Luo, ACS Catal. 2017, 7, 
3824.

[68] B. E. Conway, B. V. Tilak, Electrochim. Acta 2002, 47, 3571.
[69] W. Sheng, H. A. Gasteiger, Y. Shao-Horn, J. Electrochem. Soc. 2010, 

157, B1529.
[70] X. Yan, L. Tian, M. He, X. Chen, Nano Lett. 2015, 15, 6015.
[71] D. Y. Chung, J. W. Han, D.-H. Lim, J.-H. Jo, S. J. Yoo, H. Lee, 

Y.-E. Sung, Nanoscale 2015, 7, 5157.
[72] L. Zheng, Y. Xu, D. Jin, Y. Xie, Chem. Mater. 2009, 21, 5681.
[73] B. Dasgupta, Y. Ren, L. M. Wong, L. Kong, E. S. Tok, W. K. Chim,  

S. Y. Chiam, J. Phys. Chem. C 2015, 119, 10592.
[74] H. Zhang, K.-W. Jeon, D.-K. Seo, ACS Appl. Mater. Interfaces 2016, 

8, 21539.
[75] H. Hou, M. L. Di Vona, P. Knauth, ChemSusChem 2011, 4, 1526.
[76] K. Oshikawa, M. Nagai, S. Omi, J. Phys. Chem. B 2001, 105,  

9124.
[77] Z.-Q. Wang, Z.-B. Zhang, M.-H. Zhang, Dalton Trans. 2011, 40, 

1098.
[78] J. D. Voorhies, J. Electrochem. Soc. 1972, 119, 219.
[79] L. Tang, B. Han, K. Persson, C. Friesen, T. He, K. Sieradzki, 

G. Ceder, J. Am. Chem. Soc. 2010, 132, 596.
[80] J. Zhang, T. Wang, P. Liu, S. Liu, R. Dong, X. Zhuang, M. Chen, 

X. Feng, Energy Environ. Sci. 2016, 9, 2789.


