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T
wo-dimensional (2D), or layered
materials (e.g., graphene and gra-
phene analogues) are relevant to a

broad range of research fields and industrial
processes.1�19 Both graphene and graphene
analogues, such as layered dichalcogenides
(e.g., MoS2, WS2, MoSe2, TiSe2, etc.), because
of their exceptional properties, have been
widely researched by physicists, chemists,
and materials scientists for applications that
include catalysis, energy storage, lubricants,
sensors, and electronics.1�20 Though gra-
phene was initially limited to 2D sheets,
in recent years there has been an explosion
of reports on 3D graphene assemblies.20�40

In contrast, while various chalcogenide
aerogels41 have been reported, literature on
graphene analogues has been focused on
nanoparticles or powders. Reports of mono-
lithic assemblies of graphene analogues,
such as boronnitride42,43 andMoS2,

44 remain
extremely limited, and to our knowledge no
monolithicWS2 aerogels havebeen reported.
In this report, we describe the synthesis

of ultralow density MoS2 and WS2 cryogels
using thermal decomposition of traditional
precursors, ammonium thio-metal salts.

The critical factor in this method is the 3D
assembly of the MoS2 and WS2 precursor.
One must select a precursor that is both
amenable to forming an extended 3D net-
work structure during the assembly phase
and maintaining this form upon drying and
chemical conversion to the dichalcogenide
product. In this case, ammonium thio-
molybdate (ATM) and ammonium thio-
tungstate (ATT) proved to be suitable
precursors for the MoS2 and WS2 aerogels,
respectively. Both can be cast into 3D assem-
blies via freeze-drying and both are common
precursors for commercial production ofMoS2
and WS2 catalysts via thermal decompo-
sition.45,46 The thermal decomposition of ATM
and ATT to their respective sulfides (MS2,
where M = Mo or W) proceeds at 450 �C in
hydrogen via the following reactions:

(NH4)2(MS4) f MS3 þ 2NH3 þH2S (1)

MS3 þH2 f MS2 þH2S (2)

Therefore, the physical structure of the
freeze-dried aerogelsmust be robust enough
to undergo these high temperature chemi-
cal transformations without collapse, thus
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ABSTRACT We describe the synthesis and characterization of monolithic, ultralow

density WS2 and MoS2 aerogels, as well as a high surface area MoS2/graphene hybrid

aerogel. The monolithic WS2 and MoS2 aerogels are prepared via thermal decomposi-

tion of freeze-dried ammonium thio-molybdate (ATM) and ammonium thio-tungstate

(ATT) solutions, respectively. The densities of the pure dichalcogenide aerogels

represent 0.4% and 0.5% of full density MoS2 and WS2, respectively, and can be

tailored by simply changing the initial ATM or ATT concentrations. Similar processing in

the presence of the graphene aerogel results in a hybrid structure with MoS2 sheets

conformally coating the graphene scaffold. This layered motif produces a ∼50 wt %

MoS2 aerogel with BET surface area of ∼700 m2/g and an electrical conductivity of 112 S/m. The MoS2/graphene aerogel shows promising results as a

hydrogen evolution reaction catalyst with low onset potential (∼100 mV) and high current density (100 mA/cm2 at 260 mV).

KEYWORDS: transition metal dichalcogenide (TMD) . 3D assembly . cryogel . 2D materials . graphene analogues . layered material .
catalysis
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transferring the architecture of the precursor aerogel
to the reduced product. In this work, we describe a
straightforwardmethod to precursor aerogel assembly
and chemical conversion to the layered dichalcogenide
aerogels, as well as characterization of these novel low-
density solids.

RESULTS/DISCUSSION

Figure 1a illustrates the scheme used to synthesize the
ultralowdensity dichalcogenide aerogels. First, aqueous
solutions of the ATM and ATT precursor were prepared.
The precursor solutions were freeze-dried to create a
stable 3D assembly. The ATT formed a bright yellow gel,
while the ATM was a brownish-red monolith, reflecting
the hues seen in the solutions. Next the precursor gels
were annealed in hydrogen to produce the final silvery,
grayMoS2 andWS2 aerogels. The density of the aerogels
could be controlled via the concentrationof precursor in
the starting solution. For the MoS2 aerogels, densities
of 22, 27, and 56 mg/cm3 (representing 0.4, 0.5, and
1.1% of the density of single crystal MoS2, 5.06 g/cm3)
were observed for aqueous ATM concentrations of
13, 26, and 52 mg/ml, respectively. ATM solutions
of 13 mg/ml and below experienced significant
shrinkage upon freeze-drying placing a lower limit on
dichalcogenide densities using this technique. The
upper limit was not explored but it should coincidewith
the solubility limit of the precursor or one's ability to

make a stable, homogeneous suspension before
freezing. Similar observations were made for the ATT
solutions. The densities of theWS2 aerogels were 34 and
54 mg/cm3 representing 0.5 and 0.7% of the density of
single crystal WS2 (7.5 g/cm

3). Despite their low density,
Young's moduli of 35 ( 5 MPa were observed, which is
comparable to values reported in analogous graphene
aerogels.33 However, unlike graphene aerogels, the
chalcogenide aerogels' deformation had a significant
plastic component (Supporting Information, Figure S1)
similar to a shape-memory foam.47

Field emission scanning electron microscopy (FE-
SEM) of the aerogels shows how themorphology of the
precursor (ATM and ATT) foams defines the microstruc-
ture of the dichalcogenide aerogels. (Figure 1b�g) The
ATM aerogels have a sheetlike architecture, commonly
observed in 3D assemblies of other 2D materials
(e.g., graphene and boron nitride aerogels).33,43,48

The sheets have varying degrees of curvature and are
randomly oriented. This random sheetlikemotif ismain-
tained in the MoS2 aerogels. However, the ATT aerogel,
though random on the global scale, appears to have
significant regions of locally aligned sheets. Further-
more, the sheets of the ATT foam appear to be much
smoother and larger than those in the ATM aerogel.
Thediversemorphologies are likely due todifferences in
the crystallization of ATM and ATT during the freezing
step. The smoother, larger flakes in the ATT precursor

Figure 1. (a) Synthesis scheme for MoS2 andWS2 aerogels. SEM images of (b) ATM, (c) ATT, (d and f) MoS2, and (e and g) WS2
aerogels. TEM images of (h) MoS2 and (i) WS2 aerogels. The inset in images h and I is themagnification of the white box and is
10 nm in width.
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foam structure are replicated in the final WS2 aerogel
morphology.
High-resolution transmission electron microscopy

(HRTEM) gives further insight concerning the micro-
structure of the dichalcogenide aerogels. (Figure 1h�i)
Both the MoS2 and WS2 aerogel are made up of nano-
particles with a 5�10 nm domain size and 2�6 mono-
layers thick. The nanoparticles are randomly oriented;
however,withineachparticle, the layers appear crystalline
with well-ordered stacking. The X-ray diffraction (XRD)
patterns (Figure 2a) and Raman spectra (Figure 2b)
confirm both the crystalline nature of the aerogels and
the identity of the annealed aerogels as MoS2 and WS2.
TheXRDpatterns showthe characteristic peaks forMoS2
and WS2 (JCPDS-ICDD 37-1492, 8-237). The asymmetry
observed in the XRD peaks suggests turbostratic stack-
ing is dominant in both aerogels. Furthermore, while
both aerogels exhibit the (002) peak indicating stacked
sheets, theweaker (002) peak and the complete absence
of the (004) peak in the MoS2 aerogel suggest less crys-
tallinity (i.e., smaller domains, more sheet curvature).49,50

This result is consistent with the FE-SEM images
(Figure 1d�g) that showmuch smaller sheets withmore
curvature in the MoS2 aerogel than in the WS2 aerogel.
Raman spectra are consistent with randomly oriented
nanocrystalline MoS2 and WS2.

51�53 The literature de-
scribes MoS2 Raman spectra for bulk single crystals
as well as spectral changes due to small domain size
and small layer thickness. The major peaks found for
theMoS2 aerogel are A1g (407 cm

�1), E1g (284 cm
�1), and

E2g
1 (374 cm�1) alongwith 2xLA(M) at∼450 cm�1. These

peak positions are in good agreement with literature

values for nanoparticulate MoS2 that is composed of
multiple layers (rather thanmonolayer). Themajor peaks
found for the WS2 aerogel are A1g (415 cm�1), E1g
(tentatively at 319 cm�1), and E2g

1 (353 cm�1) along
with 2xLA(M) at ∼340 cm�1. The peak position for the
A1g mode, which is the strongest indicator of coupling
between layers, is consistent with literature reports for
exfoliated (monolayer) flakes. However, our HRTEM
images suggest that particles are composed of multiple
layers. Though not definitive, together these findings
would suggest stacked flakes that are less coupled
(farther apart) than bulk. The peak assigned to A1g may
also have a B2u component.53 This would explain the
difference between the peak value near 415 cm�1 and
the positions of the resonant peaks A1g ( LA(M), which
are consistent with a lower value (see Supporting Infor-
mation, Figure S3).
X-ray photoelectron spectroscopy (XPS) character-

ization was performed to determine the oxidation
states of the Mo and W in the aerogels. (Figure 2c,d
and Supporting Information, Figure S2) According
to XPS analysis, 94% of the Mo 3d signal in the MoS2
aerogel is due to Mo(IV) species in MoS2 (Mo 3d5/2,
BE = 229.2 eV). Nearly 100% of the sulfur is due to
S2� (S 2p3/2, BE = 162.0 eV) typical of MoS2, not MoS3
(162.9 eV).54 This suggests there is ∼6% MoO3 in
the aerogel. For the WS2 aerogel, nearly 100% of
theW 4f signal is due to W(IV) species in WS2 (W 4f7/2,
BE = 32.8 eV). At the same time, nearly all the S 2p signal
is the S2� (S 2p3/2, BE = 162.4 eV) typical of WS2.
Nitrogen porosimetry was used to further character-

ize the textural properties of the dichalcogenide

Figure 2. (a) XRD and (b) Raman spectra ofWS2 aerogel,MoS2 aerogel, andMoS2/GMA. Asterisks in panel a denote XRDpeaks
due to GMA. XPS spectra of (c) Mo 3d peaks in MoS2 and (d) W 4f peaks in WS2 aerogels. (e) Nitrogen adsorption/desorption
isotherms forWS2 aerogel (�10),MoS2 aerogel (�10),MoS2/GMA, andGMA. Inset shows isotherms forMoS2 andWS2 aerogels
(actual scale). (f) Pore size distribution for WS2 aerogel, MoS2 aerogel, MoS2/GMA, and GMA.
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aerogels. The nitrogen adsorption/desorption iso-
therms for the MoS2 and WS2 aerogels exhibited the
Type 3 hysteresis loop (IUPAC classification) at high
relative pressure that is typically associated with ad-
sorption within aggregates of plate-like particles, con-
sistent with the morphology observed in the FE-SEM
and HRTEM images. Pore size distributions show broad
profiles in the mesopore range with peaks at 20 and
30 nm for the WS2 and MoS2 aerogels, respectively.
The BET surface area for the MoS2 and WS2 aerogels
was 18 and 9m2/g, respectively. These surface areas are
consistent for dichalcogenides synthesized via thermal
decomposition of ammonium thio-metal salts.45,55

For applications, such as catalysis and gas storage,
greater specific surface area and electrical conductivity
is desirable.56 To this end, a lightweight, high surface
area graphenemacro-assembly (GMA)33 was chosen to
support the MoS2 sheets. The GMA was infiltrated with
the ATM solution, freeze-dried, and then annealed
at 450 �C under hydrogen to create a MoS2/graphene
hybrid aerogel. The resulting hybrid aerogel, MoS2/
GMA, contained 49 wt % MoS2, maintained the pore
size distribution of the GMA (with a small decrease
in peak pore size), and exhibited an extremely high
surface area of 691 m2/g. (Figure 2e,f) The MoS2/
GMA surface area is more than twice as large as the

Figure 3. (a) SEM image and EDX element mapping of (b) Mo, (c) S, and (d) C signal in MoS2/GMA. The inset in panel a is an
image of the MoS2/GMA disk set on a dime. (e) TEM image of MoS2/GMA. Inset in panel e is magnification of white box
defocused to showMoS2 sheets (arrows). The inset is 15 nm inwidth. (f) Linear polarization scans for theMoS2/GMAmonolith
(brown). The first (solid brown) and 300th (dashed brown) cycles are shown. GMA monolith (black) and a flat, polished
platinum standard (gray) are shown for comparison.
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values reported for other nanostructured MoS2
materials4,45,57 and is made possible by the homo-
geneous distribution of the MoS2 on the graphene scaf-
fold, as shown via SEM and EDX (Figure 3), and the large
native surface area of the GMA (∼1300 m2/g, Figure 2e).
Furthermore, HRTEM (Figure 3e) shows that the
MoS2 is present in the form of mostly single
or few-layer sheets on the GMA. The Raman spectrum
being identical to that of the pure MoS2 aerogel
and the XRD spectrum, showing only a weak (002)
MoS2 peak, supports the presence of single and few-
layer MoS2 sheets conformally coating the “wrinkled”
graphene substrate (Figure 2a,b).49,50 Because of
the single and few-layer conformal MoS2 coating,
the hybrid aerogel represents the best-case scenario
with respect to surface area, 2� increase in mass
resulted in only a 50% reduction in the available
surface area. In addition, the robust nature of the
graphene scaffold allows the hybrid aerogel to retain
the native electrical conductivity of the graphene
aerogel (1.12 S/cm) in stark contrast to the noncon-
ductive nature of the pure dichalcogenide aerogels.
This difference in conductivity meant that only the
MoS2/GMA hybrid could be used in its monolithic
form for electrocatalytic testing. Electrodes made
from the pure dichalcogenide aerogel powders were
unstable and inefficient. (see Supporting Information,
Figures S4 and S5).
Linear polarization scans in 0.5 M H2SO4 (Figure 3f)

were used to extract performance metrics for the
MoS2/GMA such as the onset potential for hydrogen
evolution and the potential needed to achieve specific
current densities. Because of its large surface area,
the MoS2/GMA has large nonfaradaic contributions
(e.g., capacitance) to the current that are distinct
from its catalytic activity. (see Supporting Information,
Figure S4) Once these nonfaradaic contributions are
accounted for, the overpotential needed to generate
10 mA/cm2 is �0.12 V and the overpotential needed
to generate 100 mA/cm2 is �0.26 V vs RHE. These
high current densities greatly exceed those of physi-
cal MoS2/carbon mixtures and are similar to those
reported for MoS2 nanoparticles grown directly on
graphene.56,58 Because of the presence of a redox
peak near the onset of hydrogen evolution the onset
potential was chosen by extrapolation from the near-
vertical portion of the curve rather than the near-
horizontal curve (as is more common in the literature).
(Supporting Information, Figure S4). This shifts the
onset potential to a more negative value compared
to other studies. The presence of a redox peak near
the onset of hydrogen evolution also prevented a
Tafel representation of the data. Despite the shift,
the MoS2/GMA proves to be an efficient H2 evolu-
tion reaction (HER) catalyst operating at potentials
similar (�0.10 V) to platinum.3 This low overpoten-
tial is consistent with other reports for MoS2/graphene

catalysts.56,58 The ∼10� lower HER current of the
pristine GMA (∼10 mA/cm2 at �0.26 V vs RHE) indi-
cates a lack of catalytic activity and highlights the good
catalytic activity of the MoS2 sheets generated by our
method.
To test the robustness of the MoS2/GMAmonoliths,

they were continuously cycled in 0.5 M H2SO4

at 2 mV/s from 0.4 to �0.7 V vs RHE for 300 cycles.
Total cycling time was ∼20 h. The current density
has significant fluctuations because hydrogen bub-
bles intermittently block the electrode and then
float away. The first and 300th cycle are essentially
unchanged demonstrating good stability. (Figure 3f)
Impedance measurements (Supporting Information,
Figure S6) also show that the capacitance, and hence
area, of the MoS2/GMA did not change during the
cycling process.
The high HER catalytic activity of the MoS2/GMA

hybrid aerogel suggests that much of the MoS2 inter-
facing with the electrolyte is edge sites and that those
sites are in electrical contact with the graphene.10,56

Beyond HER, the presence of the conductive graphene
support in the hybrid material has the potential
to significantly improve performance via electro-
chemical promotion of catalysis (EPOC).59 Though
EPOC has shown up to 5 orders of magnitude increases
in activity over open circuit values and has been noted
in more than 80 systems, it has not yet been used in
commercial systems largely due to the difficulty and
expense of making porous metal substrates. Therefore,
cost-effective carbon-based substrates could have
broad implications in the field of catalysis by expanding
the use of EPOC to industrial settings. Catalytic studies
are the subject of ongoing research.

CONCLUSIONS

In summary, we have presented a facile method for
the fabrication of ultralow-density layered dichalco-
genide and dichalcogenide/graphene aerogels. Our
synthesis scheme relies on the 3D assembly of metal
chalcogenide precursors into stable 3D architectures
that are robust enough to maintain their monolithic
structures during freeze-drying and thermal decom-
position to the dichalcogenide aerogel. The resulting
MoS2 and WS2 aerogels were extremely low in den-
sity (0.4% and 0.5% theoretical maximum density,
respectively) and displayed Young's moduli on the
order of graphene aerogels. The MoS2/GMA exhibited
very large surface areas (∼700 m2/g), high electrical
conductivity, and good activity as an HER catalyst.
There have been several reports3,19,56,58,60,61 of HER
enhancement from MoS2; many of these are MoS2
mixedwith carbon black3,61 or deposited on graphite60

to allow a voltage to be applied. The distinguishing
features of this work are the (a) intimate bonding
and the dispersion of the MoS2 (as evidenced by the
TEM and EDX); (b) the exceptionally high surface area
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support in contact with the solution (as evidenced
by the catalytic activity); and (c) the high conductivity
of the graphene aerogel backbone (2 times higher
than activated carbon). Furthermore, the synthesis
approach allows fabrication as conformable monoliths

with macroscopic dimensions. Therefore, the method
described here provides the blueprint for realizing
a whole new class of ultralow-density, nanostructured
materials for future catalysis and energy storage
applications.

METHODS
MoS2 and WS2 Aerogel. In a typical synthesis, 26 mg of ammo-

nium thio-molybdate (ATM) or 36 mg of ammonium thio-
tungstate (ATT) is dissolved in 1 mL of deionized water in a vial.
The vial is then submerged in liquid nitrogen to rapidly freeze
the solution. The frozen solution is then placed under vacuum
(freeze-dried) to produce an ATM or ATT aerogel. The ATM
or ATT aerogel is annealed in 2% H2/98% inert gas mixture at
450 �C for 4 h to yield the MoS2 or WS2 aerogel.

MoS2/GMA Hybrid Aerogel. GMA is synthesized according to the
literature method.33 The GMA is immersed in the aqueous ATM
solution described for making the MoS2 aerogel. From here, the
ATM-infiltrated GMA is processed in exactly the samemanner as
prescribed for the MoS2 aerogel to yield the MoS2/GMA hybrid
aerogel.

Electron Microscopy. Field-emission scanning electron micro-
scopy (FE-SEM) and energy dispersive X-ray (EDX) analysis was
performed on a JEOL 7401-F at 10 keV (20 mA) in lower
secondary electron imaging mode with a working distance of
2�8 mm. High resolution transmission electron microscopy
(HRTEM) characterization was performed on a FEI TF-20 Tecnai
electron microscope operated at 200 kV.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectros-
copy (XPS) was performed on a PHI Quantum2000 systemusing
a focused monochromatic Al KR X-ray source (1486.6 eV) for
excitation and a spherical section analyzer with 16-element
multichannel detection system. The X-ray beam is incident
normal to the sample and the detector is 45� from normal.
Spectra were collected with a 200 μm X-ray spot using a pass
energy of 23.5 eV, giving an energy resolution of 0.3 eV that
when combined with the 0.85 eV full width half-maximum
(fwhm) Al KR line width gives a resolvable XPS peak width of
1.2 eV. Deconvolution of nonresolved peaks was accomplished
using Multipak 9.2 (PHI) curve fitting routines with asymmetric
or Gaussian�Lorentzian line-shapes and a Shirley background.
The collected data were referenced to an energy scale with
binding energies for Cu 2p3/2 at 932.72 ( 0.05 eV and Au 4f7/2
at 84.01 ( 0.05 eV. Binding energies were also referenced to
the C 1s photoelectron line arising from adventitious carbon
at 284.6 eV. Low energy electrons and ions were used for
specimen neutralization.

Nitrogen Porosimetry. Textural properties were determined by
Brunauer�Emmett�Teller (BET) and Barrett�Joyner�Halenda
(BJH) methods using an ASAP 2020 surface area analyzer
(Micromeritics Instrument Corporation) vianitrogenporosimetry.62

Samples of approximately 0.1 g were heated to 150 �C under
vacuum (10�5 Torr) for at least 24h to remove all adsorbed species.

X-ray Diffraction. X-ray diffraction (XRD) measurements were
performed on a Bruker AXS D8 ADVANCE X-ray diffractometer
equipped with a LynxEye 1-dimensional linear Si strip detector.
The samples were scanned from 5 to 75� 2θ. The step scan
parameters were 0.02� steps and 2 s counting time per stepwith
a 0.499� divergence slit and a 0.499� antiscatter slit. The X-ray
source was Ni-filtered Cu radiation from a sealed tube operated
at 40 kV and 40 mA. Phases in the samples were identified by
comparison of observed peaks to those in the International
Centre for Diffraction Data (ICDD PDF2009) powder diffraction
database, and also peaks listed in reference articles. Goniometer
alignment was ensured using a Bruker-supplied Al2O3 standard.

Raman Spectroscopy. Raman spectra were obtained using
a Thermo Nicolet Almega Confocal Raman spectrometer
equipped with an Olympus microscope, and a 632.8 nm HeNe
laser as the excitation source. Sixteen scans with 10 s collection
times were obtained for each spectrum in the 100�3900 cm�1

range. The spectrometer was calibrated using a silicon standard,
with a strong primary band at 520.5 cm�1. Peak positions were
fit assuming a Lorentz peak shape and a linear background.
The 633 nm (1.96 eV) excitation frequency is near the “A” exciton
absorption lines for both MoS2 (1.88 eV)63 and WS2 (1.95 eV).52

This induces second-order Raman scattering due to the coupling
of primary electronic excitations with phonon modes.

Nanoindentation. The samples were indented in the load-
controlled mode in an MTS XP nanoindenter with a Berkovich
diamond tip. Elastic properties are characterized by the Young's
modulus, which was calculated based on the initial slope of
the unloading curve according to the Oliver�Pharr method.64

In Oliver�Pharr calculations, we assumed Poisson's ratios of
diamond and the graphene assemblies of 0.07 and 0.2, respec-
tively, and the Young's modulus of diamond of 1141 GPa.65

Several (>10) indentations were performed on different sample
locations and loading directions, and results were averaged.
Standard deviation error was (10%.

Electrical Conductivity. Electrical conductivity was measured
using the four-probemethod withmetal electrodes attached to
the samples. The amount of current transmitted through the
sample duringmeasurement was 100mA, and the voltage drop
along the various sample axes was measured over distances of
3 to 6 mm. Seven or more measurements were taken on each
sample, and the results were averaged.

Density. Bulk densities of the samples were determined from
the physical dimensions and mass of each sample.

Electrochemical Characterization. All electrochemical tests were
performed in 0.5 M H2SO4 using a BioLogic SP300 potentiostat.
Solutions were purged with argon gas (99.99999%) for at least
20 min before testing and for the duration of the measurements.
All measurements used iR compensation. Typical resistances
were 4�6 ohms. In addition, nonfaradaic contributions to the
current are estimated for the monolith samples and subtracted
before extracting performance metrics. Scan rates are 2 mV/s
for MoS2/GMA, 5 mV/s for GMA, and 50 mV/s for platinum.
To partially remove H2 bubbles the monoliths are mounted at
a 45 deg angle, whereas the platinum sample is mounted
vertically and rotated at 2500 rpm. The working electrodes,
counter electrodes, and reference electrodes are described in
the following sections.

Working Electrodes. Disks of ∼8 mm diameter were placed
within a PEEK cell (Asylum Research) exposing a 5mm diameter
face (0.196 cm2). Owing to the porous nature of the monoliths,
a custom graphite holder was used to ensure that solution only
wetted graphite or the aerogel. MoS2/GMA samples were∼1 mm
thick and weighed ∼0.04 g (or 0.2 g/cm2). Thinner 100 μm
GMA monolith electrodes weighed ∼0.004 g (or 0.002 g/cm2).
Measured weights of each sample ((0.0001 g) were used to
normalize the capacitance. A polished, 5 mm diameter platinum
disk electrode (Pine Instruments AFE5T050PT) was used as the Pt
standard.

Reference and Counter Electrodes. For stability studies we used
a 99.9995% graphite counter electrode (Alfa Aesar 14738) and
a double junction calomel reference electrode (Hach REF451)
with the outer junction filled with 0.5 M H2SO4. The calomel
(SCE) reference electrode was calibrated with respect to the
Hg/HgSO4 electrode in H2 saturate solution as described above.
The offset with respect to normal hydrogen electrode was
estimated from the solution pH = 0.41 ( 0.02 using, V(RHE) =
V(NHE) � 0.059 3pH. The pH was measured using a freshly cali-
brated double junction pH probe (Accumet model 13-620-183a).
Numerically, V(RHE) = V(SCE) þ 0.267 and V(RHE) = V(NHE) �
0.024 ( 0.001.
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