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The dry reforming of methane (DRM) utilizes carbon dioxide (CO2) as the oxidizing agent in order to produce
synthesis gas. Catalyst deactivation via coking, oxidation, and sintering has stymied the industrialization of cata-
lysts for the DRM. Here, we utilized electrodeposition followed by de-alloying in order to synthesize metal alloy
foams (5 m2/g). Through this process we have created the first electrodeposited DRM catalyst capable of
converting more than 10,000 mL/g∗h at near-equilibrium conversion. Rhenium promotion was observed over
the entire temperature range studied (700–800 °C), with the most dramatic enhancement at 700 °C. After 50 h
of reaction, no significant accumulation of carbonaceous deposits were detected, making electrodeposited struc-
tures a viable candidate for stable methane conversion catalysts.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Significant attention has been given over the last 20 years towards
the dry reforming of methane (DRM). Typically, methane is reformed
with steam as the oxidizing agent (Eq. (1)); however, such high
H2:CO ratios are undesirable for downstream processing into long-
chain hydrocarbons such as synthetic liquid fuels via Fischer–Tropsch
synthesis [1]. The DRM (Eq. (2)) utilizes carbon dioxide (CO2) as the
oxidizing agent in order to decrease the H2:CO ratio from 3:1 to 1:1 as
shown below.

CH4 þ H2O↔3H2 þ CO ð1Þ
CH4 þ CO2↔2H2 þ 2CO ð2Þ
The primary factor preventing the industrialization of the DRM is the

lack of catalyst materials resistant to deactivation [2]. In the case of
supported catalyst, deactivation primarily occurs through carbon deposi-
tion [3], oxidation [4], or sintering of active sites [5]. Therefore, DRM cata-
lyst materials resistant to these forms of deactivation are highly desirable.

The vast majority of DRM studies focus their attention on supported
catalysts where active metallic phases (typically, alloys of noble
metals with Ni, Fe, and/or Co) are distributed about metal-oxide
nanoparticles [6]. While such materials have the advantage of pro-
viding large surface areas (BET surface areas typically between 20
and 200 m2/g), they can exhibit large pressure drops and poor heat
transfer compared to conductive structured catalysts. This can be
particularly devastating for highly endothermic (including DRM,
ΔH0 = +247 kJ/mol) [2] and exothermic reactions, as temperature
gradients will inevitably form. Nevertheless, structured catalysts
such as metallic gauzes and foams can be designed to offer a low
flow resistance, short diffusion distances, and higher thermal con-
ductivities compared to porous ceramic supports [7]. The design of
highly active metallic foam catalysts, such as the materials described
in this work, may therefore compromise between the need for spe-
cific surface area and effective heat and mass transfer.

Previous efforts to design structured wire catalysts for methane
reforming either required the presence of steam at high pressures and
temperatures [8] or low gas-hourly space velocities [9] in order to
achieve high conversion or stable performance. In this work, we show
that low-level rhenium alloying (0.5–1.5 at.%) can lead to high and sta-
bleDRMactivity at large space velocities at atmospheric pressure.While
rhenium is currently used in various fuel reforming applications, only a
handful of studies have investigated its capacity to catalyze or promote
DRM [10–12]. Despite rhenium's coke-resistant properties, these reports
cite the volatility [13] and high operating temperatures [14] as drawbacks
for its use. Here, the favorable reducibility of bulk metallic phases (by
comparison to nanopowder supported phases which can show low re-
ducibility due to stabilization [15]) is exploited to design a material
where rhenium promotion of DRM is stable at lower temperatures. Fur-
thermore, the procedure described here only requires low levels of Re,
making our method much more viable for future industrial applications.

2. Experimental

2.1. Catalyst preparation

Stainless steel type 316 gauze (325 mesh woven from 36-μm diam-
eter wires) was provided by Alfa Aesar. The nominal chemical
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composition of the wire material was 67.5 wt% Fe, 17wt% Cr, 13wt% Ni,
and 2.5 wt% Mo, as provided by themanufacturer. The gauze was laser-
cut into circular samples (dia 14mm). The cut samples were cleaned by
sonication for 15 min in 32 vol% HCl in DI water. The sonicated samples
were rinsed and sonicated for another 15 min in DI water.

2.2. Electrodeposition

The electroplating bath was prepared using 180 mM nickel
sulfamate and 180 mM citric acid, and was adjusted to pH 5 ± 0.1
using 5M sodiumhydroxide. Rhenium-alloyed sampleswere fabricated
using the same bath, but with the addition of up to 3 mM ammonium
perrhenate. Electrodeposition of pure Ni and Ni–Re alloys onto the
stainless steel gauze was done by immersing the gauze sample into
the proper electrolyte fixed between two platinum gauze (52 mesh)
counter electrodes spaced 1 cm away on either side. Electrodeposition
was carried out in a jacketed electrochemical cell with a magnetic stir-
bar connected to a heated bath recirculator set to 60 °C. Electrochemical
measurement and control was through Princeton Applied Research
263A Potentiostat/Galvanostat. The electrodepositionwas galvanostatic
at a current density of 40mA/cm2 for 800–1100 s, as required to deposit
a 10-μm layer (~36 mg).

2.3. Catalyst testing assembly

Catalysts were placed inside a 12-mm ID quartz tube (L = 60 mm,
OD= 15 mm) in the isothermal zone of an Electrotherm tube furnace.
The temperature of the isothermal zone was changed using the inte-
grated controller on the furnace chassis. The temperature of the catalyst
was measured using a K-type thermocouple. In order to prevent reac-
tion on the thermocouple surface, we placed the thermocouple on the
outside of the tube at the lateral position of the catalyst. A separate ex-
periment utilizing 2 K-type thermocouples was conducted to measure
the differential temperature between the catalyst surface and the
outer thermocouple. All temperatures reported in this report refer to
the temperature of the catalyst. The reaction mixture was created by
mixing argon, carbon dioxide, andmethane using Alicat mass flow con-
trollers (MFCs). The mixture had a molar CO2:CH4:Ar ratio of 1:1:8.
Mixing occurred at atmospheric pressure prior to delivery into the fur-
nace. No significant pressure drop was observed across the loaded
quartz tube owing to the low flow resistance provided by the foam
catalyst. After the furnace, the converted gas was sent through trace-
heated (110 °C) tubing to an SRI gas chromatograph fitted with Molec-
ular Sieve 13X and Hysep C columns. The GC contained two thermal
conductivity detectors (TCDs) and amethanizer-flame ionization detec-
tor (FID). Hydrogen was quantified using a TCD with a nitrogen carrier,
CO, CO2, and CH4 were quantified using the methanizer-FID, and O2, N2

were measured using a TCD with a helium carrier.
Fig. 1. SEM images of the Ni–Re catalyst precursor surface morphology as-dep
2.4. Sample transfer

In order to prepare our samples for ex-situ analysis, the reactor was
purged and cooled in an argon environment in order to prevent
unwanted oxidation of our catalyst between the reactor and the XRD
analysis. Furthermore, samples were stored in a desiccated vacuum
chamber.We cannot completely rule out the possibilty of oxidation dur-
ing the transfer process, however, these processes were present in both
the pre- and post-reaction XRD spectra. Furthermore, the most abun-
dant phase of rhenium was completely absent from the pre-reaction
XRD spectra. Therefore, despite the reality of oxidation during the trans-
fer process, we find the XRD analysis to give a meaningful and reliable
description of our material.

3. Results and discussion

Fig. 1 shows that the coating displays a mesoscale colony surface
morphology as is typical of Ni-based electrodeposits at 40 mA/cm2.
Such morphology was observed in Ni and Ni-alloy electrodeposits
whenever the applied current density exceeded themass-transport lim-
iting current density [16].

Elemental mapping of the cross-section of the precursor Ni–Re layer
(Fig. 2A) reveals that the Re-content is highest at the interface between
the stainless steel substrate and the coating (14 at.%) and lowest at the
outer surface (5 at.%) due to the depletion of the perrhenate ion in the
electrolyte during electrodeposition. To form the final catalyst material,
the Ni–Re- and Ni-coated gauzes were then calcined at 900 °C in a
10−1 Torr vacuum for 16 h, during which time the volatile nickel
oxide (NiO) and rhenium oxide (Re2O7) were partially removed from
the coating, transforming the catalyst deposit from a compact layer
into a metal foam (BET surface area of 5.1 cm2/g; pore volume of
0.012 cm3/g), also shown in Fig. 1. Furthermore, themass lost in the cal-
cination step was approximately 17%.

Elemental dot maps of the post-reaction catalyst (Fig. 2B) show the
outward diffusion of both iron and chromium into the catalyst foam
layer. The diffusion of iron into the catalyst foam layer is significant be-
cause iron, while not very active for methane reforming, has been
shown to prevent the accumulation of carbonaceous deposits [17]. Fur-
thermore, a significant amount of chromium segregated to the stainless
steel surface, typical effect found in austenitic stainless steels at elevated
temperatures [18]. The level of outward diffusion of iron and chromium
into the catalyst layer was not found to be impacted by the presence of
Re. The atomic Re-content of the final catalyst material ranged from
1.5 at.% at the stainless steel interface to 0.5 at.% at the outer surface of
the foam (from XPS). Cross-sectional analysis also revealed that the
porosity of the catalyst layer was greatest adjacent to the steel gauze
support and dropped off towards the outer surface. While still contain-
ing pores, the catalyst layer near the outer surfacewasmore compact as
osited (left) and post-reaction (right). Scale bar shown is for both images.
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it was formed as a result of re-deposition during calcination. This is
evident by the increased catalyst layer thickness. For simplicity, all
references to the composition of the final catalyst material will refer to
the composition at the outer surface of the coating.

Re-promoted (Ni–Re/S.S) and Re-free (Ni/S.S) foamswere tested for
DRM catalytic activity by measuring the single-pass conversion of CH4

and CO2 (1:1) diluted in Ar (80 mol%) at atmospheric pressure and
temperatures between 700 and 800 °C. Prior to exposure to the reac-
tion gas mixture, the catalysts were reduced in a 10% H2 in Ar for 2 h
at 700 °C [18–19]. The effect of Re alloying was evaluated by compar-
ing the conversion of the Re-alloyed foams with their unalloyed
counterpart. Fig. 3A and B show the single-pass conversion of CH4

and CO2 over the Ni–Re/S.S and Ni/S.S. catalyst at 700, 750, and 800 °C.
Fig. 2.A: SEM cross-section of an as-deposited Ni–Re coating on a stainless steel (S.S) wire. Elem
as a linescan (EDS). Solid red line in SEMmicrograph shows the location of the Re linescan. B:
Elemental dot maps (EDS) are shown for C, Cr, Fe, Ni, and O. Atomic percent Re-content sho
which point the Re-content fell below EDS sensitivity. Atomic percent Re at outer surface was
(For interpretation of the references to color in this figure legend, the reader is referred to the
All experiments were performed at a gas-hourly space velocity (GHSV)
of 16,000 mL/(h·gcat) (at room temperature) where the flow rate of
argon was not considered and gcat is the mass of the catalyst. The bare
stainless steel gauze showed only minimal catalytic activity (b2%
conversion) at this space velocity owing to its extremely low specific
surface area. Therefore, the role of the stainless steel gauze is to provide
iron andmechanical support to the electrodeposited layer, and does not
significantly contribute to the measured conversion.

Fig. 3A and B show that at 750 and 800 °C, the Ni–Re/S.S material
performed 10% better than the unalloyed Ni/S.S catalyst, and operated
near-equilibrium conversion. The increase in conversion within this
temperature range is attributed to ReOx promotion of the DRM. At 750
and 800 °C, the addition of 0.2% Re had almost no effect on methane
ental dot maps (EDS) are shown for C, Cr, Fe, Ni, and O. Atomic percent Re-content shown
SEM cross-section of the Ni–Re catalyst layer on a stainless steel (S.S) wire post-reaction.
wn as a linescan (EDS) until a distance of 8 μm away from the stainless steel core, after
measured by XPS. Solid red line in SEMmicrograph shows the location of the Re linescan.
web version of this article.)



Fig. 3. Single-pass methane (A) and carbon dioxide (B) conversions at various operating temperatures. H2:CO product ratio shown in (C). Lifetime testing shown in (D). All data points
shown are at a GHSV of 16,000mLgas/(gcat·h) and a CH4:CO2 feed ratio of 1:1. (♦) Ni–Re/S.S (Ni93.5Fe6.0Re0.5) ( ) Ni93.8Fe6.0Re0.2 ( ) Ni/S.S (Ni94.0Fe6.0). Under operating conditions, equi-
librium conversions ofmethane at 700, 750, and 800 °C are 91.5%, 94.4%, and 96.3% respectively. Equilibriumconversions for carbon dioxide at the same temperatures are 66.3%, 79.1%, and
88.6%.
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conversion. However, when the temperature was decreased to 700 °C,
the Re-alloyed (both 0.2 and 0.5%Re) catalysts doubled their conversion
of methane compared to the unalloyed material.

We do not attribute the drop in DRM activity for the Ni-only cat-
alysts at 700 °C to carbon formation as coking is a gradual process
and generally not the cause of an abrupt change in activity as ob-
served here. Furthermore, TPO/TGA (Figure S1), XRD (Figure S2),
and TEM (Figure S3) revealed no signs of accumulated carbon com-
pounds or carbonate species in the spent catalysts. This result is sig-
nificant as it suggests that the primary form of deactivation is not
coke accumulation but rather oxidation or grain growth. The drop
in activity here is attributed to Ni oxidation (forming the inactive
NiO phase, XPS Fig. 4A) due to the decrease in hydrogen and carbon
monoxide production (Fig. 3C), both of which act as in situ reducing
agents [20]. Temperature programmed reduction (TPR) of both Ni/S.S.
and Ni–Re/S.S. shown in Figure S4 revealed only a small shift in the
peak reduction temperature of NiO when such low Re contents were
present. However, the hydrogen uptake of the Re-promoted catalyst
was much larger compared to the Ni-only catalyst. Re-promotion of
DRM at 700 °C is therefore attributed to larger surface H2 and CO con-
centrations, which in turn prevents Ni oxidation. Guczi et al. also
found that NiO reduced to Ni0 above 700 °C through the same mecha-
nism, quickly increasing the activity of the catalyst to equilibrium con-
version as seen here.

The drop in carbon dioxide conversion over the Re-free catalyst
(Fig. 3B) was not nearly as dramatic as observed with methane. This
difference is attributed to the reverse water gas shift (RWGS) reaction
(Eq. (3)), a common DRM side reaction present under all studied tem-
peratures as it is only slightly endothermic (41 kJ/mol), with an equilib-
rium constant near unity. [21] Although the DRM is suppressed by Ni
oxidation at 700 °C, nickel (II) hydroxide still present on the surface
(Fig. 4) is a known catalyst for the RWGS [22], thereby maintaining
the conversion of additional CO2.

CO2 þ H2↔H2O þ CO ð3Þ

To put the activity of our catalyst in perspective, one should note that
despite a drop in specific surface area of 30-fold compared tomany sup-
ported powder catalysts, the Ni–Re foams showed comparable perfor-
mance (as measured by conversion) at similar space velocities. This
material represents the firstmetal foam (not based on nanoparticle dis-
persion on a monolith) capable of stable DRM performance at elevated
space velocities (N10,000 mL/(h·gcat)). Furthermore, while rhenium's
performance as a DRM catalyst was found to be most active at elevated
temperatures (N850 °C) in previous works [14], its effectiveness as a
promoter after alloying into the Ni-foam is evident here at lower
temperatures.

Results from the stability tests for bothNi–Re/S.S andNi/S.S catalysts
at 700 °C are shown in Fig. 3D. The performance of the Re-alloyed Ni
foamsmore than doubled that of the unalloyedmaterial over the entire
50-h test period, consistent with the temperature programmed study.
The initial decrease in conversion for the Ni–Re/S.S sample is likely



Fig. 4. (Left): X-ray photoelectron spectrum of spent Ni–Re/S.S catalyst showing the Ni(OH)2 and NiO peaks. (Right):Measured (black) and deconvoluted Re4f spectra of spent Ni–Re cat-
alyst with phase assignment and content.
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due to the partial oxidation of rhenium in the presence of CO2 as this ini-
tial drop was not present in the unalloyed sample. Ni–Re/S.S catalysts
were also tested at various values of the GHSV (Figure S5). As the
GHSV was raised above 60,000 mL/(h·gcat), the methane conversion
dropped linearly, suggesting that the reason for the drop in conversion
was due to active-site saturation.

Ex-situXRDanalysis of our samples bothbefore and after reaction gave
insight to the species causing both promotion and deactivation. As-
deposited Ni–Re coatings typically showed surface rhenium present as
Re0, intermetallic Ni–Re, and Re (IV–VII) oxides. Prior to catalysis, almost
40% of the surface rheniumwas present in its fully oxidized+7 state. XPS
analysis of the Ni–Re/S.S catalyst after 50 h on-stream (Fig. 4) revealed no
metallic or intermetallic rhenium, suggesting that the oxides of rhenium,
and not Re0 or Ni–Re intermetallic compounds, promote DRM.

Deconvolution of the post-reaction Re4f peaks revealed a majority of
the Re signal came from 4f7/2 and 4f5/2 peaks centered at 45.55 eV and
47.98 eV, respectively. These binding energies donotmatch any of the ox-
idation states of commonRe-oxides and imply that the effective oxidation
state of Re within this oxide phase is a non-integer value between +6
and +7 (for example, ReO(3+δ)) [23]. Attribution of this peak to the for-
mation ofM–Re–O andM–Re alloy phases (M=Ni, Fe, Cr) was ruled out
since these phases would give peaks at much lower binding energies.

While intermetallic Re phases have been used to provide unique ac-
tive sites [12] and Re(IV) has been cited as a hydrogenation catalyst for
carbon removal [24], neither of these are present in our system. Re(VI)
and (VII) are also active hydrogenation catalysts, and account for 1/3 of
the rhenium atoms in the catalyst layer. Therefore, we attribute the pro-
motion of the DRMto theRe(VI) and Re(VII) oxide phases, in addition to
the unique non-stoichiometric ReO(3+δ) phase accounting for 62% of
the rhenium atoms.
4. Conclusions

Through use of electrochemical alloying and thermal processing, we
show that structured catalysts materials, such as the foams shown here,
are viable candidates for methane reforming technologies, and can
offer many advantages over their supported powder counterparts.
Tuning of the foam's composition through rhenium alloying showed
marked improvement in methane conversion at industrially relevant
operating temperatures. Post-mortem analysis of the foams revealed
no significant carbon accumulation, suggesting that Ni oxidation is
the primary form of catalyst deactivation. Future research in this
field will include tuning the redox properties of the foam to further
resist Ni oxidation, and altering the synthesis to create foams with
a larger specific surface area to enable the processing of methane at
higher space velocities.
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