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Sulfur Resilient Nickel based Catalysts for Steam Reforming of Jet 
Fuel
Casper Brady, Jian Pan, and Bingjun Xu*

Sulfur resilient steam reforming catalysts are of great interest for the development of solid oxide fuel cell systems for 
aeronautic applications. We demonstrate that nickel-manganese catalysts exhibit substantially improved stability during 
steam reforming of sulfur containing fuels via a sulfur spillover strategy as compared to monometallic nickel catalysts. This 
is established via detailed deactivation studies of catalysts in steam reforming conditions with sulfur containing model fuels 
and real jet fuels (JP-8). Through detailed characterization of spent catalysts, we establish that the increased sulfur resilience 
is imparted by an increased sulfur capacity due to scavenging by manganese oxide species in close proximity to active nickel 
particles. Results presented in this work could pave the way for practical application of precious-metal-free steam reforming 
catalysts in sulfur rich streams, both in aeronautic SOFC systems and other applications.

Introduction

There has been growing interest in applying solid oxide fuel cells 
(SOFCs) to use in the aviation industry as auxiliary power units1-5. 
While several proposed SOFC-based systems have the potential to 
dramatically increase the efficiency of auxiliary power units on 
airplanes, the extreme temperatures (800 - 1000 °C) required for 
high oxygen ion conductivity in traditional oxide conducting 
electrolytes6 have limited their practical application. In the last 
decade, the advent of proton conducting solid oxide fuel cells7, 8 has 
enabled the production of SOFCs with high performance at 
temperatures as low as 400-500 °C. Meanwhile, the utilization of 
proton conducting electrolytes does impose additional technical 
barriers, the primary being that proton conducting fuel cells cannot 
be directly powered by hydrocarbons without cofeeding steam. In 
order to utilize jet fuels in proton conducting SOFCs, steam 
reforming, either external or internal to the fuel cell stack, must be 
used to produce hydrogen, which can subsequently be used as fuel 
in the cell. Jet fuels are subject to far less stringent sulfur content 
restrictions than other fuels, with certain samples of military (JP-8) 
and commercial fuels (Jet A) containing sulfur concentrations up to 
3000 ppm9. The vast majority of metals that are catalytically active 
for steam reforming are susceptible to sulfur poisoning10-13. Thus, 
lower temperature operation and the inclusion of a steam reforming 
catalyst incur a significant technical challenge: any on-board steam 
reforming catalyst must be reasonably stable in sulfur containing 
streams. Thus, it is imperative to develop sulfur-resistant steam 
reforming catalysts for the wide adoption of SOFCs in the aerospace 
industry.

As steam reforming typically is conducted at elevated temperatures, 
simple thermodynamic considerations can offer substancial 
guidance on catalyst design. It is well established that under steam 
reforming conditions H2S, the most thermodynamic favorable gas 
phase sulfur species, is readily formed from introduced organosulfur 
compounds14, 15. Sulfur deactivation of catalyst surfaces is usually the 
result of the formation of monolayers or submonolayers of surface 
metal sulfides, which passivate the metal particle and suppress 
activity10-13. For most common catalytic metals, the thermodynamics 
of sulfide monolayers have been probed experimentally10-13, 16. 
Extensive theoretical work also exists for the determination of these 
values via first principles calculations17, 18. It is generally accepted 
that the stability of these films trends roughly with the stability of the 
least sulfided stable bulk phase of the metal,13 i.e., the metal sulfide 
phase with the lowest S:Metal ratio which has been shown to form a 
stable bulk phase. Figure S1 shows a collection of heats of adsorption 
of various sulfur monolayers including both experimentally10-13, 16 
and computationally determined values18 plotted against 
experimentally determined heats of formation for the least sulfided 
stable metal sulfide phase of the corresponding metal19-24. A general 
linear correlation between the thermochemical properties of 2-
dimensional and 3-dimensional metal sulfides allows for convenient 
assessment of the relative stability of monolayers of metal sulfides 
for differing metals based only on readily available thermochemical 
data (  of bulk sulfides). This correlation between monolayer ∆𝐇𝒐

𝒇
stability and bulk sulfide stability enables a simple design strategy for 
sulfur resilient multi-component catalysts in which one metal acts 
primarily as a catalyst and another acts primarily as a selective sulfur 
adsorbent; with the second element selected based on the enthalpy 
of formation of its bulk sulfide. As long as the two components are in 
close enough proximity for spillover of sulfur to occur and do not 
form a new phase, initially bound sulfur should preferentially bind to 
the sacrificial particles, sparing the catalytically active material from 
sulfur deactivation until saturation of the sacrificial particles. This 
strategy has been shown to be effective for Ni-Rh catalysts25-27, in 
which supported Rh particles are proposed to act as the majority 
steam reforming catalyst and Ni particles serve as a sacrificial surface 
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for sulfur deactivation. While this multi-component catalyst is 
dramatically more stable than a monometallic rhodium catalyst with 
the same loading, rhodium is 3-4 orders of magnitude more 
expensive than nickel on a mass basis28. Thus, if the size of catalyst 
bed is not a limiting factor, a much larger bed of a monometallic 
nickel catalyst would yield the same stability as this multi-component 
catalyst for a substantially lower cost. In order to design a multi-
component catalyst that exhibits enhanced stability without 
increasing cost we apply this sulfur spillover strategy to multi-
component nickel-based catalysts without the use of precious 
metals. To achieve this, we utilize multi-component catalysts with a 
relatively inexpensive metal active for steam reforming (nickel) and 
a secondary inexpensive material to act as a sulfur scavenger. Based 
on the simple relation between the heats of adsorption of sulfides 
onto metal surfaces and the heats of formation of the respective bulk 
sulfides we select manganese as a potential sacrificial sulfur 
adsorbent owing to the high formation enthalpy of MnS (∆Hf

o = -278 
kJ/mol S)29, as compared to that of Ni (∆Hf

o = -172 kJ/mol S). It is 
important to note that manganese is not expected to be in the 
metallic state in the steam reforming environment (reduction of 
manganese oxides to metallic manganese by H2 requires extreme 
temperatures19). This simple thermodynamic analysis does not take 
the removal of surface lattice oxygen into account, which would be 
necessary to form a monolayer or sub-monolayer of MnS sulfide on 
a MnO particle. Meanwhile, MnO is also prone to exhibit a certain 
degree of oxygen non-stoichiometry30 and manganese oxides have 
been shown to be effective sulfur adsorbents in streams with high 
H2S concentration.31-33 Thus, Ni-MnOx based steam reforming 
catalysts are investigated to leverage the potential sulfur spillover 
from metallic Ni to MnO for enhanced sulfur resilience. While 
existing literature has evaluated Ni-MnOx based catalysts for steam 
reforming34-37, to our knowledge no systematic investigation has 
been conduct to evaluate the impact of MnOx on the sulfur resilience 
of Ni based reforming catalysts. In addition, this work also extends 
the S spillover strategy to more affordable elements such as Mn. 
MnOx has also seen significant use as a promotor in Fischer-Tropsch 
catalysts38-40 in which MnOx acts to increase selectivities toward long 
chain linear alcohols and olefins.

Results and Discussion

Catalyst Preparation and Characterization

A series of monometallic and multi-component catalysts containing 
both nickel and/or manganese have been synthesized and 
characterized (Table 1 and Figure S2). All catalysts are synthesized via 
standard wetness impregnation with Ni (II) nitrate and Mn (II) nitrate 
as metal precursors and dispersible boehmite as a support precursor. 
Upon calcination at 500 °C, boehmite typically forms γ-Al2O3

41, such 
that our synthesis should yield Ni-MnOx catalysts supported on γ-
Al2O3. Synthesized samples are characterized via X-ray fluorescence 
(XRF) spectroscopy, powder X-ray diffraction (XRD), temperature 
programmed reduction (TPR), and CO chemisorption. For ease of 
discussion each catalyst is referred to by a simple designation given 
in Table 1, in which the number before the metal element refers to 
its weight percentage. NiB and NiMnB refer to unsupported Ni and 
NiMn, respectively. The measured Mn:Ni molar ratios by XRF 
generally agree with the nominal values. Ni dispersions on supported 
multi-component catalysts determined by CO chemisorption after 
reduction at 800 °C show that it is not sensitive to the Mn loading at 
a constant Ni loading (3.3-3.7%, Table 1).  In order to understand the 
state of the nickel and manganese in the synthesized catalysts, they 
are characterized by temperature programmed reduction (TPR, 
Figure 1a). 5Ni exhibits a single reduction peak centered at 790 °C. 
While this is significantly higher than is typically expected for bulk 
nickel samples, it is expected of low weight loadings of nickel 
supported on alumina, as the majority of nickel is in the form of 
NiAlO4, which is more difficult to reduce42, 43. With the addition of 
small amounts of manganese (5Ni5Mn, 5Ni10Mn) a broad reduction 
peak is observed at 200-500 °C. While this peak corresponds to the 
same reduction temperature as monometallic manganese catalysts, 
its shape is different. During calcination in air at 500 °C, Mn 
supported on Al2O3 typically forms MnO2 which reduces in two 
phases (MnO2  Mn3O4 followed by Mn3O4MnO)44 in the TPR, 
causing two distinct, but overlapping reduction peaks, as in the TPR 
trace corresponding to 10Mn. In the 10Mn sample reduction peaks 
centered at ~320 °C and 420 °C, with FWHM of ~60 °C and ~100 °C 
respectively, are observed, while a single broad peak is observed for 
our 5Ni5Mn sample (centered at ~310 °C with a FWHM of 210 °C). 
This single broad peak, indicates that the manganese oxide particles 
formed during calcination in multi-component catalysts are either 
very small or amorphous; possessing the same general reducibility of 

Figure 1: Characterization of pre-catalyst materials a) TPR profiles of monometallic and multi-component catalysts b) Powder XRD 
patterns of selected calcined catalysts.
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MnO2 but reducing to MnO in a less stepwise manner. The nickel 
reduction peak also shifts substantially to lower temperatures and 
reduces in intensities at higher manganese loadings (Figure 1a). 
While the high temperature nickel reduction peak attributable to the 
reduction of NiAlO4 is always present to a certain degree, nickel 
reduction in samples with high manganese loadings (5Ni15Mn, 
5Ni20Mn) seems to occur in a broad temperature range between 
400 and 600 °C, similar to nickel reduction in high weight loading Ni-
Al2O3 catalysts (Ni wt% > 10%) but substantially higher than that of 
bulk nickel (200 - 250 °C).35 This could be attributed to the oxygen 
transfer between nickel and manganese phases during reduction as 
a result of close association among particles. Another possibility is 
that manganese addition prevents the formation of NiAlO4 during 
calcination by preferentially forming MnAl2O4 on alumina surface. In 
order to prevent this change in nickel reducibility from impacting the 
catalyst performance, reduction prior to reactivity testing is 
performed at 700 °C, which is higher than the onset of nickel 
reduction for all samples (Figure 1a). 

XRD patterns of calcined catalysts are collected to determine the 
phases in multi-component catalysts. XRD patterns of several 
calcined catalysts (Figure 1b) display primarily diffraction peaks 
corresponding to NiO. Only at the highest manganese loading 
investigated in this work (5Ni20Mn) do the diffraction peaks 
attributable to MnO2 become visible. This corroborates with the 
hypothesis that the majority of manganese present on these multi-
component catalysts is highly amorphous or in the form of very small 
particles. The intensity of the NiO diffraction peaks at the same Ni 
loading decreases with increasing manganese loadings, indicating 
that a mixed nickel-manganese oxide phase is likely formed rather 
than a physical mixture of NiO and MnOx particles. However, this 
mixed oxide phase is likely amorphous, without any distinct 
diffraction pattern. This is consistent with the general amorphous 
nature of metal aluminates reported in the literature.42, 44  Regardless 
of the presence or absence of mixed phases after calcination, the 
similar dispersions of all reduced catalysts (Table 1) strongly indicates 
that after reduction any Ni containing mixed oxides are reduced to 
the point that Ni is in a metallic state. Therefore, we do not expect 
any post-calcination mixed oxide phases to affect the reactivity or 
stability of our multi-component catalysts.  

Catalytic Evaluation with Model and Commercial Jet Fuel

In order to verify the proposed catalyst design strategy, a series of 
multi-component Ni-Mn catalysts are evaluated in steam reforming 
a model jet fuel stream. A tridecane feed with 300 ppm of sulfur in 
the form of 3-methylbenzothiophene is employed as a model stream. 
Tridecane is used as the model hydrocarbon for jet fuels because it 
has a similar average molecular weight and boiling point to jet fuels45. 
In all reforming experiments a steam to carbon ratio of 3 is used. 
Figure 2a shows the time on stream (TOS) tridecane conversion in its 
steam reforming, as well as the product distribution, over 5Ni. The 

Table 1: Summary of synthesized catalysts (after reduction at 
800 °C)

Catalyst Nominal 
Composition

(Metals basis, 
balance γ-

Al2O3)

Actual Mn:Ni 
(Molar) (XRF)

Ni 
Dispersion 

(%) (CO 
Chemisorpti

on)

5Ni 5% Ni -a 3.28 ± ~0.12

5Ni2.5Mn 5% Ni, 2.5% Mn 0.56 ± ~0.03 -a

5Ni5Mn 5% Ni, 5% Mn -a 3.69 ± ~0.12

5Ni7.5Mn 5% Ni, 7.5% Mn 1.41 ± 0.08 -a

5Ni10Mn 5% Ni, 10% Mn 1.99 ± 0.12 3.53 ± ~0.12

5Ni15Mn 5% Ni, 15% Mn 3.08 ± 0.18 -a

5Ni20Mn 5% Ni, 20% Mn 3.75 ± 0.22 3.55 ± ~0.12

10Mn 10% Mn -a -a

NiB 100% Ni -a -a

NiMnB 33% Ni, 67% 
Mn

-a -a

aNot determined.

Figure 2: Catalyst evaluation in the reforming of 300 ppm S in tridecane at 500 °C and 130 mL g-1hr-1 of tridecane, and a steam to 
carbon ratio of 3  (a) reactivity 5Ni in reforming 300 ppm S in tridecane (b) comparisons of the catalyst deactivation for a range of 
coimpregrated Ni-Mn catalysts (c) Sulfur free reforming of tridecane over 5Ni and 5Ni20Mn. The top axes of (a) and (b) display the 
cumulative sulfur introduced to the catalyst in order visualize sulfur capacity.
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space velocity in the test (130 mL g-1hr-1 of tridecane) is chosen such 
that the initial tridecane conversion is complete and deactivation can 
be tracked over the course of several hours and is comparable to 
space velocities used in previous literature25. Yields of CO, CO2 and 
CH4 roughly follow steam reforming equilibrium,46 which is 
consistent with a previous report.25 H2 production is consistent with 
reforming stoichiometry (Figure S3). Significant catalyst deactivation 
is observed after roughly 5 h TOS, corresponding to the addition of 
roughly 0.06 mole of sulfur per mole of nickel in the catalyst bed. 
Figure 2b shows the TOS performance over multi-component Ni-Mn 
catalysts with varying amounts of co-impregnated manganese. A 
consistent trend of increasing catalyst stability with the Mn loading 
is observed, with the most sulfur resilient catalyst (5Ni20Mn) 
remaining active for roughly twice as long as the monometallic nickel 
catalyst. Both 5Ni and 5Ni20Mn are substantially more stable in 
sulfur free feeds (Figure 2c), though 5Ni does deactivate slightly 
while reforming sulfur free tridecane. Thus, the increased stability of 
the multi-component catalysts is a result of both sulfur resilience and 
resistance to coke formation. Similar resistance to coke formation 
has been observed in Ni-Mn multi-component catalysts during dry 
reforming47, 48 which Seok et al. attributed to the formation of 
surface carbonate species on MnOX surfaces. While both 
deactivation route clearly occur on the monometallic Ni catalyst, 
sulfur deactivation is far more severe, resulting in nearly complete 
deactivation (<20% conversion) after 10 h TOS in the presence of 
sulfur (Figure 2.a) but remains partially active (~60% conversion) 
after 18 h TOS in sulfur free conditions (Figure 2.c). While we do not 
perform experiments in the kinetic regime to access the effect 
manganese addition has on the catalytic activity of our catalysts, it is 
well established in literature that Ni-Mn catalysts exhibit slightly 
higher rates in steam reforming than nickel catalysts35, 37.

Enhanced S-resistance of the 5Ni20Mn catalyst as compared to that 
of the supported Ni catalyst is also observed in steam reforming of 
Jet Propellant 8 (JP-8), which is a widely used military jet fuel. JP-8 
consists of a mixture of C7-C14 hydrocarbons, including linear, 
branched alkanes, alkenes and aromatics49. The JP-8 sample 
employed in this study is determined by XRF to contain roughly 52 
ppm of sulfur. In order to maintain the initial complete conversion of 
the fuel stream, a lower space velocity is used (90 mL g-1hr-1 of JP-8). 
The lower reactivity of JP-8 as compared to tridecane is likely due to 

the presence of aromatics; which typically exhibit substantially 
slower kinetics in steam reforming on a per carbon basis than linear 
and cyclic hydrocarbons.50 The time dependent conversion data for 
5Ni catalyst compared to the most stable Ni-Mn catalyst (5Ni20Mn) 
during the steam reforming of JP-8 (Figure 3) demonstrates a 
dramatic difference in catalyst stability. 5Ni maintains complete 
conversion until roughly 0.003 moles of sulfur is fed per mole of Ni 
whereas the Ni-Mn catalyst maintains conversion until 0.035 moles 
of sulfur per mole Ni are introduced, i.e., more than one order of 
magnitude improvement. There is a notable difference in the sulfur 
capacity of the Ni-Mn catalyst between the model S-containing feed 
and JP-8. 5Ni20Mn maintains complete conversion until ~0.12 mole 
of sulfur per mole of Ni with the model feed but only ~0.04 mole 
sulfur per mole of nickel in JP-8. We tentatively attribute this 
difference to the increased heterogeneity of the hydrocarbon feed 
and the organosulfur species present with it in the case of JP-8. 
Methylbenzothiophene is employed as the sulfur source in tridecane 
as the model feed, however, JP-8 often contains several distinct 
types of organosulfur species including thiols, sulfides, disulfides, 
benzothiophenes, and dibenzothiophenes49. While we generally 
expect all of these sulfur species to be relatively easily decomposed 
to H2S in steam reforming conditions, substantial differences in the 
overall reactivity and catalyst sulfurization kinetics of various 
organosulfur species have been observed in the hydrodesulfurization 
literature 51, 52. Thus, we believe the difference in stability observed 
when using JP-8 as compared to our simplified model system is a 
result of select organosulfur species present in JP-8 contributing to 
catalyst deactivation more seriously than methylbenzothiophene 
does in the model feed stream employed in this work. 

Post Reaction Catalyst Characterization

In order to elucidate the cause of the enhanced stability of the multi-
component catalysts, spent catalysts have been characterized to 
understand carbon and sulfur deposition in this system. The 
measured S:Ni ratio of each spent catalyst is plotted against the 
measured Mn:Ni (Figure 4a and Table S2), which shows a clear 
upward trend. This is a strong indication that the introduction of Mn 
enhances the S tolerance of the catalyst with the identical Ni loading 
and similar density of surface Ni sites as determined by the CO 

Figure 3:  Catalyst evaluation in the steam reforming of JP-8 using 5Ni and 5Ni20Mn at 500 °C, 90 mL g-1hr-1 of JP-8, and a steam to 
carbon ratio of 3. The top axis displays the cumulative sulfur introduced to the catalyst in order visualize sulfur capacity.
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chemisorption. Further, the measured S:Ni ratio on the spent catalyst 
(Figure 4a) also increases with the TOS of the catalyst before the 
tridecane conversion begins to decrease from 100% (Figure 2b), 
indicating that the observed increase in the sulfur resistance is due 
to catalyst’s enhanced capacity to adsorb sulfur without covering the 
active sites. This is consistent with our hypothesis that the 
introduction of a second strongly S-binding metal element could 
alleviate the S poisoning of Ni. 

As our reactivity data shows both resistance to coke formation and 
sulfur poisoning, we also quantify and characterize carbon 
deposition on our spent catalysts via temperature programmed 
oxidation (TPO, Figure 4b).  The 5Ni catalyst when subjected to both 
sulfur containing tridecane and JP-8 displays distinct oxidation peaks 
at several temperatures (~350 °C, ~520 °C, and ~670 °C) consistent 
with coke formation on nickel catalysts in reforming reactions53. 
Meanwhile, the relative intensities of TPO peaks on the spent 5Ni 
catalyst operated in the S-containing tridecane and JP-8 are different, 
suggesting that the coke formation is sensitive to the identity of S-
containing species in the feed. This hypothesis is further supported 
by the observation of much weaker TPO peaks on the spent 5Ni in 
the S-free tridecane, where the high temperature peak at ~670 °C is 
absent. Thus, S-containing species in the feed leads to the formation 
of surface sites that are prone to coking formation. By comparison 
carbon formation on the 5Ni20Mn catalyst is remarkably 
homogenous, possessing only one broad oxidation peak at ~350 °C 
regardless of feed composition or the inclusion of organosulfur 
species in the feed, indicating that the presence of Mn suppresses 
the formation of coke-inducing sites on the surface by the S-
containing feed, and thus leading to different forms carbon 
deposition from those formed on nickel-based catalysts. In all cases 
the multi-component catalyst cokes significantly less than 5Ni. 

Photoelectron spectroscopy (XPS) of spent catalysts confirms the 
formation of metal sulfides during reaction. XPS analysis is 
performed on spent unsupported samples, i.e., NiB and NiMnB, in 
order to increase the signal to noise ratio.  XP spectrum of the spent 
NiB catalyst after reaction in a feed of tridecane contain 300 ppm 

sulfur shows S2p3/2 and S2p1/2 peaks at 162.3 and 163.6 eV, 
respectively (Figure 5a), which are reasonably consistent with 
monolayers of sulfur on nickel in the literature54. S2p peaks at similar 
binding energies are observed on the spent NiMnB without any 
signals attributable to sulfate or sulfite. These observations indicate 
that in both cases only metal sulfides are formed. While the nickel 
and manganese phases in unsupported catalysts are similar to those 
of supported catalysts, XPS peak areas obtained on unsupported 
samples are unlikely to be quantitatively representative of that of the 
supported catalysts due to the different particle sizes and dispersions. 
Therefore, the lower intensity of the S2p of the spent multi-
component catalyst does not necessarily reflect its lower S content 
as compared to that of spent NiB. The S2p peaks of spent NiMnB (full 
width at half max, FWHM = 3.3 eV) are substantially broader than 
those of the spent NiB (FWHM = 1.3 eV), indicating that bound sulfur 
on the spent multi-component catalyst is more chemically diverse. 
However, the similar binding energies of S2p peaks among the most 
common Mn and Ni sulfides (within 1 eV)54 make it difficult to 
determine the chemical nature of the metal sulfides formed during 
reaction.

Raman spectroscopy is also employed to elucidate the nature of the 
sulfur bound to the spent catalysts. To isolate the structural changes 
due to sulfur deactivation, Raman spectra of 5Ni and 5Ni20Mn 
catalysts are collected at 3 distinct stages: 1) after reduction with H2 
at 700 °C, 2) after reaction in a sulfur free feed of tridecane for 18 h, 
and 3) after reaction in a tridecane feed with 300 ppm sulfur in the 
form of 3-methylbenzothiophene until conversion drops significantly 
(Figure 2b). Nickel sulfide is known to have weak Raman signal and 
its precise assignment remains debated29. In contrast, bulk 
manganese sulfide exhibits a strong Raman band at ~335 cm-1 (Figure 
S4), and distinct Raman bands are present for MnS in the form of thin 
films55. All three Raman spectra for 5Ni exhibit essentially the same 
features except for the evolution of graphitic and disordered carbon 
peaks at ~1580 cm-1 and ~1380 cm-1, respectively (Figure 5b). The 
representative low wave number band of NiAl2O4 is observed at ~600 
cm-1 56, as well as a secondary peak at ~1050 cm-1, consistent with 
hydroxyl groups present in some nickel aluminate oxides57. This is 
also consistent with the presence of the high temperature peak in 

Figure 4: Characterization of carbon and sulfur deposits a) sulfur deposited on spent catalysts measured by XRF, and b) TPO signals 
for 5Ni and 5Ni20Mn after reaction in different feeds. TPOs are performed using a stream of 1% O2 in He with a ramp rate of 10 
°C/min with 20 mg of spent samples used in reactivity testing.
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TPR profiles (Figure 1a). Similarly, the Raman spectra of 5Ni20Mn is 
essentially the same for the reduced catalyst and the spent catalyst 
exposed to a sulfur free tridecane feed (Figure 6b). The broad bands 
from ~450 to 800 cm-1 are consistent with the two most prominent 
Raman peaks of the MnAl2O4 spinel phase at ~640, 700, and 740 cm-1 

58. The absence of the characteristic nickel aluminate peaks in the 
5Ni20Mn further supports the hypothesis that the introduction of 
manganese disrupts the formation of NiAl2O4 in favor of MnAl2O4, 
increasing the reducibility of nickel significantly. The Raman spectra 
for the spent catalyst exposed to a sulfur containing stream shows a 
very broad peak from 230 to 460 cm-1. This broad peak is roughly 
consistent with two broad peaks observed by Dhandayuthapani et 
al.55 at 317 cm-1 and 369 cm-1 (dotted lines in Figure 5b). While this 
observed broad band is not as well defined as those observed by 
Dhadayuthapani et al., it could be attributed to fact that manganese 
sulfide or oxysulfide formed during the steam reforming is likely a 
disordered film on a relatively amorphous manganese oxide. The 
disordered structure is evidenced by the broadness of the peak. It is 
interesting to note that the 5Ni20Mn sample does not exhibit 
graphitic or disorder carbon bands after exposure to a sulfur 
containing feed despite forming a similar amount of carbon 
deposition to 5Ni exposed to sulfur free tridecane according to TPOs 
(Figure 4b). This observation together with the homogenous nature 
of the carbon deposit, as evidenced by the single peak in the TPO 
profile on the 5Ni20Mn catalyst (Figure 4b), leads us to conclude that 
carbon deposited on NiMn catalysts is primarily in the form of 
surface carbides or carbonates rather than graphitic or disordered 
carbon, as suggested by Seok et al. 47, 48 This could play a role in the 
multi-component catalyst’s ability to resist coke formation as 
compared to monometallic nickel catalysts. 

Conclusions

In summary, we demonstrate that nickel-manganese catalysts 
possess substantially higher sulfur tolerance in the steam 
reforming of sulfur containing fuels than monometallic nickel 
catalysts due to a unique sulfur spillover effect from nickel 
particles to manganese oxide particles. This hypothesis is 
supported by means of detailed reactivity testing with both real 

and model feeds and ex situ characterization of spent catalysts 
which indicate the formation of a poorly defined manganese 
sulfide or oxysulfide phase as a sacrificial sulfur adsorbent. 
While we cannot explicitly rule out other mechanisms by which 
this enhanced stability is achieved, the spectroscopic evidence 
of additional sulfide species alongside reactivity testing and 
post reaction sulfur measurements make this explanation quite 
likely. The deactivation behavior of the catalyst is clearly more 
complex when real jet fuel is used as a reforming feed. The 
multi-component catalyst is more stable than the monometallic 
nickel catalyst while reforming JP-8, however, all catalysts 
deactivate more quickly on a per sulfur basis while reforming 
JP-8 compared to methylbenzothiophene containing model 
feed.  

Experimental

All catalysts are prepared using Ni (II) nitrate and Mn (II) nitrates 
(Sigma Aldrich) and dispersible boehmite (Dispal 23N4-80). 
After mixing, prepared impregnation gels are dried at ~80 °C 
overnight. Dried samples are calcined at 500 °C for 6 hours 
under flowing air in a muffle furnace. All reactivity experiments 
are conducted in a fixed bed flow quartz tube microreactor. 
Gases are supplied by calibrated Brooks mass flow controllers 
and liquids (hydrocarbons and water) are supplied by two 
parallel Cole Parmer syringe pumps. All gas lines are maintained 
at least 230 °C to prevent condensation of reactants and 
products. Gas analysis is performed using an online Agilent 
7890A GC system with parallel channels for hydrocarbon 
quantification by FID and permanent gas quantification via TCD. 
All catalysts are prereduced at 700 °C in a flow of pure H2 before 
catalyst evaluation. JP-8 is a complex mixture of hydrocarbons 
which cannot be fully separated by GC (Figure S5); in order to 
calculate conversion, we assume all hydrocarbon species in JP-
8 have similar response factors on a per carbon basis and treat 
JP-8 as a single reactant. XRDs are recorded using a Bruker D8 
diffractometer with a Cu source. XRF is used to quantify bound 
sulfur and sulfur contents in JP-8 using a Rigaku Supermini 200 
WDXRF. XPS spectra are collected using a Thermo Fisher K-
Alpha+ system. TPRs and CO chemisorption experiments are 

Figure 5: a) S2p XP spectra of spent NiB and NiMnB catalysts b) Raman spectra of spent 5Ni and 5Ni20Mn. Spent catalysts were 
subject to reforming conditions in either sulfur free tridecane (for 18 h) or tridecane with 300 ppm sulfur (until obvious deactivation, 
Figure 2b).
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performed using a quartz tube microreactor system built in-
house with a Gow-Mac TCD detector. TPRs are performed using 
a stream of 5% H2 in N2 at a flow rate of 50 mL/min with a ramp 
rate 5 °C/min to 800 °C following by a temperature hold until 
the TCD signal reaches a baseline. TPOs are performed using 
stream of 1% O2 in He with a flow rate of 100 mL/min with a 
ramp rate of 10 °C/min to 800 °C using a Stanford Research 
Systems QMS100 to monitor CO2 production via the m/z 44 
signal. All flow reactors are controlled by integrated LabView 
programs developed in house. Raman spectra of spent catalysts 
are taken ex situ using a Horiba LabRAM system using a UV laser 
(325 nm).
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