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ABSTRACT: Electrochemical H, generation from H,O has been focused =~ ™ M@
on the exploration of non-noble metals as well as earth-rich catalysts. In %
our practical work, we provide a simple cost-efficient fabrication process to %

prepare large Mo sheets via the controlled equilibrium between 2
sublimation of MoOj; and reduction of H,. Porous MoP sheets were
synthesized from the obtained Mo sheets as the Mo source and template
which exhibit notable activity in the hydrogen evolution reaction with a
low onset potential of —88 mV vs RHE, small Tafel value of 54.5 mV/dec,
and strong catalytic stability. With Mo sheets as the universal Mo source
and template, MoS, and Mo,C sheets were synthesized by a similar
process, and the corresponding catalytic activities were calculated by
density functional theory.
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1. INTRODUCTION Here, we report the scalable synthesis of Mo sheets by
combining the sublimation of MoOj; and reduction of Ar—H,
(10%) mixture gas at 900 °C. The sublimation reaction of
MoO; being utilized as a template to synthesize various hollow
shell structures is widely reported.””** Herein, the obtained Mo
sheets were used as the Mo source and template to synthesize
Mo-based electrocatalysts such as molybdenum phosphide
(MoP) sheets, which is a typical transition metal phosphide
with }Z)rominent catalytic activity and outstanding stability for
HER.”>*>***> The obtained MoP sheets as a vigorous HER
electrocatalyst exhibited commendable activity with a small
onset potential of —88 mV vs RHE, low Tafel slope of 54.5
mV/dec, and robust stability (over 21 h of incessant working at

. ‘ —250 mV vs RHE). Moreover, other molybdenum compound
decades, various Mo precursors were employed to synthesize

; sheets such as MoS, and Mo,C were also derived from Mo
i\fr:oly]f | clectrocatalysts b ;ﬂ:ﬁhiﬁl{ peyformance such  sheets, which possessed high catalyti activity for HER.
) ) )

and nitrides.”’ > For example, Cui’s group’' reported a
synthesis method to grow vertically aligned MoS, and MoSe, 2. EXPERIMENTAL SECTION

layers on the surface of Mo bulk metal. However, Mo bulk 2.1. Materials. Analytical grade ammonium molybdate
metal possesses limited electrochemical area, which caused ((NH,)¢Mo;0,4-4H,0), molybdenum powder (Mo), sodium hypo-

poor HER activity coupling with the overpotential of 300 mV

Studies on electrochemical reduction of water to yield H, have
been done due to the growing need for renewable and
sustainable energy supplies.1_6 H, serves as a renewable energy
carrier and is nonpareil for fossil fuels in terms of its potential
to ensure energy security and environmental friendliness.”® To
promote the hydrogen evolution reaction (HER), highly
efficient electrocatalysts are thus essential. Nowadays, second
to none of the HER catalysts with the highest efficiency are
platinum (Pt) and Pt-based catalysts;” "' however, their large-
scale applications have been restricted due to its scarcity and
high price. Thus, development of efficient and cost-effective
non-Pt HER electrocatalysts is highly desirable. During the past

vs RHE to realize a current density of 0.5 mA/ cm?. Therefore, Received: September 23, 2016
how to increase the electrochemical area of electrocatalysts to Accepted: February 16, 2017
obtain a large current density for HER is a worthy problem. Published: February 16, 2017
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phosphite (NaH,PO,), thioacetamide (CH;CSNH,), methane (CH,),
and 20 wt % Pt/C were purchased from Sinopharm Chemical
Reagents Beijing Co. and used without further purification.

2.2. Synthesis of Mo Sheets and Mo Particles. The purchased
ammonium molybdate was calcined for 4 h at 550 °C under air
atmosphere to obtain MoOj precursors. Growth of Mo sheets on the
quartz tube wall was performed inside a tubular furnace. MoO;
powders in a porcelain crucible were positioned at the center of the
quartz tube. Ar gas (100 mTorr) was pumped into the quartz tube to
remove air. Subsequently, the MoO; powders were quickly heated
from room temperature to 900 °C (20 °C/min) and maintained at
900 °C for 4 h under an Ar—H, (10%) mixture gas flow of 100 sccm.
After the reaction, the gray Mo sheets were collected from the
porcelain crucible and/or inside wall of the quartz tube. Mo particles
were obtained from the bottom of the porcelain boat by using pure H,
instead of Ar—H, (10%).

2.3. Synthesis of MoP Sheets and MoP Particles. One gram of
NaH,PO, particles in the front of Mo sheets or particles was mildly
decomposed at ~250 °C with heating belts and transported by Ar gas
(10 sccm) toward the downstream hot zone. As-prepared Mo sheets
or particles were rapidly heated to 900 °C (20 °C/min), which was
maintained for 1 h. After that, Ar gas was kept flowing (50 sccm) to
remove residue phosphine. The effect of calcination temperature (700,
800, 900, 1000 °C) was considered, which resulted in inconspicuous
changes in HER performance of MoP sheets (Figure S1). To confirm
the universality, Mo sheets as an alternative Mo source and template
were used to synthesize MoS, and Mo,C sheets by subsequent
sulphurization and carbonization process, respectively, as shown in the
Supporting Information. Detailed information about characterization,
electrochemistry, and density functional theory (DFT) calculations are
also in the Supporting Information.

3. RESULTS AND DISCUSSION

Formation of Mo sheets in the tube furnace is schematically
illustrated in Scheme 1, also photos of different products and

Scheme 1. (a) TGA-DSC Curves of MoO; Powders from
Room Temperature to 1000 °C in an Oxygen Atmosphere,
(b) Schematic Diagram of Reaction Relation among MoO,
(Solid), MoO; (Gas) and Mo (Solid), and (c) Atomic
Structure Diagram of Reaction Relation at 900 °C under
Ar—H, (10%)
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corresponding collect positions are summarized in Figure 1.
There is an equilibrium between sublimation of MoO; and
reduction by gas mixture of Ar—H, (10%). The sublimation
temperature of MoO; (corresponding scanning electron
microscopy (SEM) images and X-ray diffraction (XRD) results
are shown in Figure S2) was identified as 790 °C by thermal
gravimetric analysis-differential scanning calorimetry (TGA-
DSC, Scheme 1a). The volatile suboxide species of MoO;_,
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sublimated from MoO; powder at 900 °C were reduced into
Mo sheets by Ar—H, (10%) on the quartz tube wall (Scheme 1
and Figure 1a, corresponding SEM images and XRD results are
in Figure 2). To confirm the reaction mechanism, pure H, gas
with stronger reduction features was used instead of Ar—H,
(10%). Only large Mo particles at the bottom of porcelain
crucible were obtained, and no Mo sheets were synthesized on
the quartz tube wall (Figures 1b and S3). In addition, no Mo
sheets were synthesized at 650 °C, lower than the sublimation
temperature of MoOj; on the quartz tube wall, and only MoO,
particles were obtained at the bottom of porcelain crucible
(Figure 1c, corresponding SEM images and XRD results in
Figure S4). Therefore, controlled equilibrium between
sublimation of MoQOj; and reduction of H, is critical to obtain
Mo sheets. It is worth noting that the obtained Mo sheets were
fluffy, and the volume of the quality (0.15 g) was much larger
than those of MoOj; (1.5 g), MoO, (1.5 g), and Mo (1.5 g)
powders (Figure SS), which was consistent with Brunauer—
Emmett—Teller (BET) results. The BET value of Mo sheets
(5.504 m?/g, Figure S6) calculated by N, adsorption—
desorption isotherms was much larger than those of MoO;
(0.706 m*/g) and Mo (0.709 m*/g) powders. Herein, the Mo
sheets as an alternative Mo source and template were used to
synthesize various molybdenum compounds such as MoP,
MoS,, and Mo,C sheets by subsequent phosphating,
sulphurization, and carbonization processes, respectively.

SEM was implemented to examine the morphologies and
structures of as-synthesized Mo and MoP sheets. Figures 2a and
b showed that the as-synthesized Mo sheets possessed a
smooth surface with size of 2—10 ym and thickness of 50—100
nm. The Mo sheets possessed the dendritic slices due to the
metastable state of Mo during equilibrium between sublimation
of MoOj; and reduction of Ar—H, (10%) at high temperature.
After phosphorization, the obtained MoP sheets with convex—
concave surface were composed of a large number of small
MoP nanoparticles (Figures 2c and d), and the thickness
increased to 100—200 nm. The successful syntheses of Mo
(PDF no. 42-1120) and MoP (PDF no. 24-0771) with perfect
crystallization peaks were confirmed by XRD, and no impurities
were detected (Figure 2e). Figure S7 presented the
corresponding EDS Mo and P elemental mapping images for
MoP sheets, evidently showing that two elements are uniformly
dispersed in the whole sheets. X-ray photoelectron spectrosco-
py (XPS) determined the exterior elemental composition of the
as-made materials. The Mo 3d spectrum of Mo sheets exhibited
three peaks at 235, 232, and 228 eV that were attributed to
Mo® 3d,,,, Mo* 3d,,, and Mo* 3d;,, respectively (Figure
2f). No zerovalent Mo was detected by the surface testing
technique of XPS due to surface oxidation of Mo sheets via
exposure to air.”' However, the oxidation layer of Mo sheets
was too thin, which was not detected by XRD. In addition, the
two peaks at 227.8 and 231 eV in the Mo 3d spectrum of MoP
sheets were assigned to the Mo®" within MoP sheets. The peaks
at 129.1 and 129.9 eV for MoP sheets were assigned to P 2p, /,
and P 2p;/, bonded to Mo, respectively (Figure 2g). One weak
peak at 133.5 eV was assigned to PO,*”, which was consistent
with reported results.”>*

Transmission electron microscopy (TEM) measurements
were performed to further characterize the morphologies and
crystal structure of Mo and MoP sheets. As shown in Figure 3a,
Mo sheets are mainly lamellar and dendritic slices. Note that
only the long-range crystalline lattices of 0.222 nm were
observed in Mo sheets (Figure 3b), corresponding to (110) of

DOI: 10.1021/acsami.6b12103
ACS Appl. Mater. Interfaces 2017, 9, 8041—8046


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12103/suppl_file/am6b12103_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b12103

ACS Applied Materials & Interfaces

Research Article

Weak reducing /\
power
900 °C § 900 °C>Tp(MoO3)
Ar/H,

Strong reducing
power

Nothing

Nothing

Ar/H
650 °C 4P 650 °C<T,,(MoOy)

Mo particle

Figure 1. Collect positions and schematic illustration of (a) Mo sheets prepared at 900 °C under Ar—H, (10%) atmosphere, (b) Mo particles
prepared at 900 °C under H, atmosphere, and (c) MoO, particles prepared at 650 °C under Ar—H, (10%) atmosphere.
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Figure 2. SEM images of (a and b) Mo sheets and (c and d) MoP sheets, (e) XRD patterns of Mo sheets and corresponding MoP sheets, and XPS

spectra of (f) Mo and (g) P of MoP sheets and Mo sheets.
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Figure 3. TEM images, SAED pattern of (a—c) Mo sheets and (d—f) MoP sheets, and (g) EDX mapping of the MoP sheet.

body-centered cubic (bcc) Mo. Consistent behaviors were
observed in the selected area electron diffraction (SAED)
measurements (Figure 3c), and the regular arrangement of
scattered dots suggested single-crystal Mo sheets. After
phosphorization, the coarse sheets were composed of MoP
nanoparticles, and crystalline lattices of 0.319 nm corresponded
to the (001) plane of MoP (Figure 3d, e). The diffraction rings
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in the SAED pattern were indexed to the (101) plane of MoP
(Figure 3f), suggesting the phase transformation from single-
crystal Mo sheets to polycrystalline MoP sheets. Energy-
dispersive X-ray (EDX) elemental mapping of a selected MoP
sheet shows that the Mo and P elements were indeed uniformly
distributed in the sheet yet had sparsely distributed O signals
(Figure 3g).
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Figure 4. (a) Polarization curves of Mo particles, MoP particles, Mo sheets, MoP sheets, and 20 wt % Pt/C at S mV/s in a 0.5 M H,SO, (iR-
uncorrected) and (b) Tafel plots calculated from panel a. (c) Electrochemical impedance spectra of various samples for HER with overpotential of
250 mV. (d) Variation in electrochemical active area with potential scan rate. (e) Polarization curves of MoP sheets before and after 1000 cycles. (f)

The i—t testing curve of MoP sheets and 20 wt % Pt/C loaded on carbon cloth at

after i—t testing.

—0.25 V vs RHE for 21 h. Inset is the SEM image of MoP sheets

The electrocatalytic activities of MoP sheets and blank
samples, including Mo particles, MoP particles, Mo sheets, and
20 wt % Pt/C for HER, were investigated by a three-electrode
configuration. Figure 4a shows that MoP sheets exhibited a
much lower onset potential of —88 mV vs RHE (achieve to 0.5
mA/cm?) compared to those of Mo sheets (—223 mV), MoP
particles (—353 mV), and Mo particles (—492 mV); however, it
was still worse than that of 20 wt % Pt/C (~0 mV). Moreover,
for MoP sheet electrocatalysts, an overpotential of 172 mV was
required to reach 10 mA/cm’ In addition, commercial
molybdenum powder (Figure S8a) was also used to synthesize
MoP particles (Figure S8b), which possessed the worst HER
performance compared to that of MoP sheets (Figure S9),
confirming the advantage of Mo sheets synthesized via the
controlled equilibrium between sublimation of MoO; and
reduction of H,.

The according Tafel slopes were also compared in Figure 4b,
which were obtained via the Tafel equation. The Tafel slope of
MoP sheets was 54.5 mV/dec, which was lower than those of
other samples, including Mo sheets (55.8 mV/dec), Mo
particles (163.7 mV/dec), and MoP particles (125.1 mV/dec),
yet larger than that of 20 wt % Pt/C (31.2 mV/dec). On the
basis of the HER mechanism, HER at MoP sheets likely
proceeded through a Volmer—Heyrovsky mechanism with the
rate-limiting step of the electrochemical discharge process.
Beyond that, the exchange current densities of the Mo particles,
MOoP particles, Mo sheets, and MoP sheet electrocatalysts were
calculated to be 0.3 X 1073, 1.0 X 1073, 5.6 X 1073, and 3.2 X
107> mA/cm? respectively (Figure S10). A lower Tafel slope
and the larger exchange current density of MoP sheets
indicated fast HER kinetics. Such an HER performance of
MoP sheets (—88 mV vs RHE, 54.5 mV/dec, and exchange
current density of 3.2 X 107> mA/cm?) was comparable to
those of some leading Mo-based electrocatalysts such as MoP
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nanoparticles (—125 mV, 74 mV/dec, 1.3 X 10~° mA/cm?),”’
MoP microparticles (—80 mV, 50 mV/dec, 1.0 X 107> mA/
cm?),*” and MoP particles (—88 mV, 60 mV/dec, 4.1 x 1073
mA/cm?),*® as shown in Table S1. In addition, MoP sheets had
the ability to be operated in 0.5 M H,SO, (pH 0.25), 1 M
phosphate buffer (pH 7), and 1 M KOH (pH 14), as shown in
Figure S11.

Electrochemical impedance spectroscopy measurements
were promptly executed to determine the involved electron
transfer kinetics in HER. Figure 4c depicts the Nyquist plots
acquired with an overpotential of 250 mV for glassy carbon
electrodes modified with the various catalyst samples. The MoP
sheets exhibited a charge transfer resistance (R) smaller than
that of other samples, as manifested by the smallest semicircle,
consistent with the best HER performance. In addition, R
actually diminished from 253 Q at —150 mV to 45 Q at —250
mV, as depicted in Figure S12, suggesting the favorable charge
transfer at the interface between electrolyte and electrodes.

Typically, the catalytically active surface area of electro-
catalysts is proportional to the catalytic current density and can
be measured by the double layer capacitance. The double layer
capacitance of MoP sheets (0.52 mF/cm?) was less than that of
Mo sheets (2.91 mF/cm?®) but much larger than those of Mo
particles (0.09 mF/cm?) and MoP particles (0.07 mF/cm?), as
shown in Figures 4d and S13. The electrochemical active area
of MoP sheets was small due to the high Mo atomic weight,
consistent with the low BET surface area value of ~4.1 m®/g
(Figure S6).

The extraordinary HER stability of the electrocatalyst was
also crucial, as was catalytic activity for HER. Figure 4e depicts
the polarization curves of MoP sheets before and after 1000
cycles, where a negligible decrease in the current density was
observed. Moreover, over 21 h of continuous i—t testing at
—0.25 V vs RHE, the current density of MoP sheets had a
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negligible change, confirming the remarkable HER stability
(Figure 4f). The inset of Figure 4f confirms that the MoP
sheets possessed good structural stability as well as catalytic
stability after i—t testing. As a comparison, 20 wt % Pt/C was
also operated at the same potential and time; the current
density changed greatly from 60 to 21 mA/cm?, which was
reduced by about 65%. At last, the gathered bubbles on MoP
sheet-modified electrode were established to be H, through gas
chromatography analysis, and the corresponding H, generation
rate was 619.2 mmol/g/h (Figure S14).

To confirm that the Mo sheet can be used as a universal Mo
source and template, the MoS, and Mo,C sheets were also
synthesized by a similar process. The SEM images, XRD, and
XPS results of the obtained MoS, and Mo,C sheets are shown
in Figure S15. After sulphurization and carbonization, the sheet
morphologies remained, but the surface was rough due to the
formation of MoS, and Mo,C nanoparticles. The HER
electrocatalytic activities of MoS, and Mo,C sheets were
subsequently studied (Figure S16), which possessed small
overpotentials of 215 and 223 mV required to arrive at the
current density of 10 mA/m? respectively. In addition, the
catalytic active sites of MoP, MoS,, and Mo,C were
investigated by DFT calculations (Figure S). The DFT

Reaction Coordinates

Figure S. Structural models of (a) MoP, (b) MoS,, and (c) Mo,C and
(d) Gibbs free energy of H* adsorption (AGH*) profile for various
sites.

calculation was focused on the Gibbs free energy changes of
hydrogen absorbed onto different active sites, which was an
important intermediate state in HER. According to the Sabatier
principle, too weak or too strong adsorption was unfavorable
for the catalyst reaction. It can be seen from the calculations
that the hydrogen atom always had a Gibbs free energy
(AGH*) that was closer to zero on Mo atoms terminated with
MoP (0.16 eV), MoS, (0.19 eV), and Mo,C (024 eV),
indicating that the active sites prefer the Mo atom (Figure 5d).
The results also showed that P atoms (—0.38 eV) had a role
equivalent to that of S atoms (0.97 €V) in MoS, and C atoms
(—1.26 eV) in Mo,C, which took responsibility for constructing
large quantities of active edges for HER. As shown in Figure 5d,
Mo active sites in MoP gave a AGH* value subtly smaller than
those of MoS, and Mo,C sheets, indicating that MoP possessed
a higher catalytic activity for HER, which was in approximate
accordance with the experimental analysis and results. Here, it
is clear that these above-mentioned results effectively confirmed
that the Mo sheets were an efficient template to synthesize Mo-
based electrocatalysts with eflicient catalytic performance.
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4. CONCLUSIONS

Herein, we reported a novel approach to synthesize MoP via
the use of Mo sheets which were obtained by the controlled
equilibrium between sublimation of MoOj; and reduction of H,.
While the MoP sheets as electrocatalysts possessed high HER
activities (—88 mV vs RHE, 54.5 mV/dec, and exchange
current density of 3.2 X 107> mA/cm?), they also had benign
structural and catalytic stability, which is much better than that
of MoP particles. In addition, Mo sheets as a universal Mo
source and template were used to synthesize MoS, and Mo,C
sheets by a similar process, and the catalytic active sites of MoP,
MoS,, and Mo,C were investigated by DFT calculations.
Further, the facile, large-volume, low-cost synthetic technology
of Mo sheets may enlighten a new avenue to extensively
produce the Mo-based electrocatalysts with sheet structures.
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