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A series of nickel-platinum catalysts supported on gamma alumina (c-Al2O3) with small, increasing
amounts of Pt promoter were precisely prepared by electroless deposition at 5.0 wt% Ni and with com-
positions up to 2.8 wt% Pt (one theoretical monolayer of Pt on Ni) and evaluated for the dry reforming of
methane. Characterization was performed using x-ray diffraction, temperature programmed reduction,
scanning transmission electron microscopy, and temperature programmed oxidation. At temperatures
below 600 �C, activity of bimetallic samples exhibited a maximum at 0.4 monolayers Pt and surpassed
that of unpromoted Ni. At 700 �C, deactivation occurred for all samples. X-ray diffraction patterns of
the high-temperature treated catalysts indicated segregation of the Ni-Pt alloys. Pt showed no influence
on hydrogen selectivity, which was driven by thermodynamic limits.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Traditionally generated through catalytic steam methane
reforming (SMR), syngas (CO and H2) is a fundamental building
block for many industrial processes. In SMR, water (H2O) acts as
an oxidant in the reaction with hydrocarbon fragments to form
hydrogen (H2) and carbon monoxide (CO). As H2 applications
expand and more stringent carbon emission policies are put into
effect, there is a growing incentive to find alternative H2 sources
as well as applications for CO2 and CH4 [1–3]. One possibility is
the dry reforming of methane (DRM), in which CO2 replaces H2O
as an oxidant. Depending on market conditions, downstream syn-
gas can be further processed with in place technologies to satisfy a
diverse chemical portfolio through methanol chemistry or C1
upgrading. In a recent paper by Elbashir et al. carbon footprint
was analyzed as a function of syngas ratio (H₂/CO) for different
reforming technologies [4]. It was concluded that DRM could result
in a net fixation of CO2 for product ratios approaching 1 to 1 and
that additional processing, such as integration with exiting syngas
technology, could increase H₂ levels but would also incur a penalty
for CO2 emissions.

Transition metals, specifically those of group VIII-B, have shown
high DRM activity but economic feasibility has resulted in an
emphasis on Ni catalysts. Although active, widespread commer-
cialization of a Ni-based DRM process is prevented by rapid deac-
tivation from coke formation. Previous studies have shown that the
introduction of an additional noble metal leads to increased activ-
ity as well as stability and in this study Pt was chosen for its widely
reported synergistic effects [5–7]. Specifically, increased activity is
often attributed to Pt assisted reduction of the NiO which promotes
the formation of surface hydroxyls increasing the rate of carbon
gasification [8,9]. Improved stability is commonly cited to result
from a reduction of the Ni ensemble size which slows the rate of
complete CH4 decomposition to coke by disfavoring the tetrahedral
structure for adsorbed CHx species [6,10]. Furthermore, due to a
reduction of the carbon-metal bond strength and lattice diffusivity
noble metals have also been shown to inhibit whisker carbon for-
mation which can lead to mechanical degradation in structured
supports [11,12].

While literature has previously reported positive bimetallic
effects for DRM, many studies utilized traditional impregnation
methods for catalyst preparation [13]. Although simple, conven-
tional impregnation randomizes metal-metal contact making it
difficult to isolate bimetallic effects and limits the degree to which
interactions can be optimized. Advanced techniques, such as
atomic layer deposition (ALD), have shown promise for improved
lab scale performance but commercial feasibility is mitigated by
high waste to product ratios and a large energy demand during cat-
alyst synthesis [5,14,15]. In addition, many previous Ni-Pt studies
were performed across a narrow range of evaluation temperatures
which can overlook the operating limits for material performance
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[5,8,16]. To address these challenges, the current study utilizes the
synthesis technique of electroless deposition (ED), with which Pt
atoms can be placed directly onto the supported Ni nanoparticles
in controlled amounts, allowing for the first time the determina-
tion of an optimum Pt loading. Furthermore, performance has been
evaluated in low and high (525–700 �C) temperature regimes
which has revealed the source of catalyst instability at the high
temperature.
Fig. 1. Platinum uptake vs time for electroless deposition. A shelf is formed at
t = 10 min where NiO is reduced by DMAB.
2. Experimental

2.1. Synthesis

5.0 wt% Ni and 3 wt% Pt monometallic catalysts were prepared
by dry impregnation (DI) of NiðNO3Þ2 (Alfa Aesar) and H2PtCl6
(Sigma Aldrich) onto c-Al2O3 (SBa 200, Sasol, 189 m2 g-1 specific
surface area, 0.76 m3 g-1 pore volume) respectively. Samples were
dried in air at room temperature overnight, followed by a 265
SCCM He treatment at 100 �C for 12 h (superficial velocity = 12 c
m/min), and reduced in-situ at 600 �C for Ni and 200 �C for Pt
under 30% H2/He for 2 h. The 5.0 wt% Ni/c-Al2O3 sample served
as the base catalyst for electroless deposition (ED) with varying
amounts of theoretical monolayers Pt, Table 1. The Ni-Pt catalysts
are referred to as Ni@nPt where n is the number of theoretical
monolayers calculated from the amount of surface Ni atoms,
approximated using the STEM derived number average of 6.0 nm.

The ED bath, previously developed [17], consisted of H2PtCl6 as
the Pt precursor, dimethylamine borane (DMAB) as the reducing
agent, and ethylene diamine (EN) as a chelating agent. The
DMAB/EN/Pt molar ratio was held constant at 5/4/1 while varying
the initial absolute Pt concentration in order to achieve the desired
Pt coverage. The ED bath was heated to 70 �C under constant stir-
ring before the Ni/c-Al2O3 catalyst was added. NaOH was added to
maintain a pH value of ~ 11. Aliquots were taken to monitor Pt con-
centration using inductively coupled plasma optical emission spec-
troscopy (ICP, Perkin Elmer Optima 2000 DV). After complete
deposition (30 min), catalysts were filtered and washed with 1 L/
g catalyst deionized water to remove byproducts and unreacted
components. All bimetallic catalysts were dried at room tempera-
ture in air overnight then heat treated in 30% H2 balance He at
200 �C for 2 h.

2.2. Characterization

Temperature program reduction (TPR) studies were conducted
in a Micrometrics Autochem II 2920 equipped with a thermal con-
ductivity detector (TCD). Temperature programed oxidation (TPO)
was performed using a quartz tube furnace connected to an Inficon
Transpector 2 Mass Spectrometer. TPR samples were oxidized at
300 �C for 2 h under a flow of 10% O2 balance He, then cooled to
room temperature in flowing Argon (Ar). The flow was then
switched to 20 SCCM of 10% H2/Ar and outlet gases were moni-
tored using a TCD. The TCD signal was allowed to stabilize before
Table 1
Bulk atomic % loadings and calculated Ni/Pt atomic ratios for monometallic Ni and bimetal
theoretical monolayers calculated from STEM derived number averages.

Catalyst
ID

Weight % Ni Weight % Pt

Ni /c-Al2O3 5.0 0
Ni@0.075Pt 5.0 0.2
Ni@0.4Pt 5.0 1.1
Ni@0.7Pt 5.0 1.9
Ni@1.0Pt 5.0 2.8

Pt /c-Al2O3 0 3
the sample was ramped to 800 �C at a rate of 10 �C/min. TPO sam-
ples were loaded into a 1/4-inch quartz tube (4 mm ID) supported
on a quartz wool plug and placed inside a high wattage, split-tube
furnace. The sample was then heated from 25 to 800 �C at 10 �C/
min under a 20 SCCM flow of 10% O2/He. Relative amounts
of coke were determined by integrating the normalized signal for
CO2 (m/e = 44), which was calibrated after each run.

A Rigaku Miniflex Series II diffractometer equipped with a D/teX
silicon strip detector and CuKa1 radiation was used for powder x-
ray diffraction (XRD). Previous experiments have shown a negligi-
ble effect from instrument line broadening for the equipment used
in this study [18]. Scans were performed over a 2h range of 10–80�
with a scan speed of 1�/min and sampling width of 0.02�. XRD
results were correlated with scanning transmission electron micro-
scopy (STEM) images captured using a cold field emission, probe-
aberration-corrected, 200 kV JEOL JEM-ARM200CF. The microscope
is fitted with JEOL and Gatan detectors for acquiring high-angle
annular dark field (HAADF) images. X-ray energy dispersive spec-
troscopy (XEDS) was also employed using an Oxford Instruments
X-Max100TLE SDD detector and analyzed with Oxford AZtec
software.

2.3. Catalytic testing

Reaction studies were performed in a continuous flow quartz
tube, 4 mm ID, heated with a split tube high temperature furnace
(Applied Test Systems, Series 3210). Upstream, gas ratios were reg-
ulated using Brooks 5850E mass flow controllers and mixed inline
before reaching the reactor. Product streams were heated to 150 �C
to avoid condensation and sampled at automated 1 h intervals
using an HP 5890 Series II gas chromatograph (GC) equipped with
two TCDs. TCD 1 was referenced with He gas (Praxair, HE5.0UH)
and uses a PoraPLOT Q (Agilent) column to detect carbon com-
pounds (CO,CO2,CH4) and H2O. TCD 2 uses an Ar reference (Praxair,
lic Ni-Pt ED catalysts. Catalyst ID’s are referred to as Ni@nPt where n is the number of

Atomic
% Ni

Atomic
% Pt

Ni/Pt atomic ratio

100 0 –
98.8 1.2 82.3
93.8 6.2 15.3
89.8 10.2 8.8
85.8 14.2 6.0
0 100 0
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UHP, 5.0) and a Carboxen 1010 PLOT (Supelco) column to capture
H2 data.

For high temperature evaluation, reactors were loaded with
0.01 g of catalyst diluted with 0.06 g 20/40 mesh crushed quartz
such that bed height was 2X reactor ID. Samples were ramped to
600 �C at a 10 �C/min ramp rate in flowing H2, soaked for 2 h, then
increased to a reaction temperature of 700 �C in He. The feed com-
position consisted of a CH4 (Praxair, ME3.7UH)/CO2 (Praxair,
Fig. 2. (Top) Fresh samples after an ex-situ reduction in H2 at 200 �C note the appearanc
DRM at 700 �C for 20 h. After reaction all alloy and Pt peak intensities decrease and inc
Research Grade, 4.8)/He (Praxair, HE5.0UH) ratio of 1/1/2 while

GHSV varied from 33,000 to 49,500 h�1 to avoid external diffusion
resistance reported by Mark and Maier [19] and set initial CH4 con-
versions between 30 and 50%. After reaching pseudo steady state,
defined as 3 consecutive hours at constant CH4 conversion, GHSV

was adjusted to reach 19,000 h�1 and approximately 40% CH4 con-
version providing a common reference to study deactivation kinet-
ics far from thermodynamic equilibrium (85% CH4 conversion).
e of an alloy peak with the addition of Pt. (Middle) Spent samples after exposure to
rease respectively. (Bottom) Reference patterns.
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Calculated Weisz-Prater numbers at 19,000 h�1 GHSV for CH4

(0.018) and CO2 (0.018) suggest the absence of pore diffusion
effects over the region of linear deactivation (TOS 20–80 h).
Selectivity was defined according to Eqs. (1) and (2) where Nx rep-
resents the moles of gas x and a, b, c, and d are stoichiometric
coefficients

aCH4 þ bCO2 $ cCOþ dH2 ð1Þ
Sc ¼ ðNH2Produced
ÞðdÞ

ðNCH4ConsumedÞðaÞ
� 100% ð2Þ

Kinetic evaluations used 0.01 g of catalysis diluted with 0.06 g
20/40 mesh crushed quartz and reduced at 700 �C using the proto-
col noted above. All experiments were performed below 10% CH4

conversion to avoid mass transfer and thermodynamic limitations.
Reactions were brought online at 550 �C with a CH4/CO2/He ratio of
Fig. 3. Proposed structure for electroless deposition derived Ni-Pt samples follow-
ing reduction in H2 at 200 �C.

Fig. 4. TPR results indicating a decrease in Ni reduction temperature at 300 �C. Note the f
and high temperature peak at 530 �C likely the formation of Ni aluminates.
1/1/2 until pseudo steady state was obtained at which point tem-
perature was reduced to 525 �C and flow rates adjusted to main-
tain measurable CH4 conversion rates while keeping partial
pressures constant. Upon reaching the new pseudo steady state, this
procedure was repeated for 575, 600, 550, 600 and 625 �C to verify
reversibility and repeatability. Once determined, flow rates at each
temperature were held constant for all catalysts in Table 1. Calcu-
lated Weisz-Prater numbers for kinetic evaluations were approxi-
mately zero for CH4 and CO2. All thermodynamic calculations
were performed using Aspen HYSYS (V10, 36.0.0.249) though a
minimization of Gibbs free energy with the Peng-Robinson model.
3. Results & discussion

3.1. Preparation

Following reduction of the DI 5.0 wt% Ni catalyst, samples were
exposed to air before electroless deposition was used to synthesize
the Ni-Pt series in Table 1. Pt uptake onto 5.0 wt% Ni/c-Al2O3 is
shown as a time dependent concentration profile with 4 distinct
regions, Fig. 1. At time 0 to 5 min (1) initial Pt uptake on easily
reduced NiO occurs until a plateau is reached between 5 and
15 min (2). This plateau is attributed to NiO formed during storage
in air, which required additional time to undergo reduction by
DMAB. The appearance of NiO in the XRD patterns of fresh cata-
lysts (Fig. 2 Fresh), is seen most clearly as the broad NiO (101) peak
centered at 37.3� 2h and the NiO (012) peak at 43.3� 2h (JCPDS:
00-044-1159). Seen most clearly for the Pt-free sample, these
peaks diminish with increasing Pt content. In the ED bath after
the NiO is reduced, rapid Pt uptake occurs between 15 and
30 min (3) after which no additional deposition occurs. This
final plateau (4) was thought to arise due to low Pt concentrations,
5–6 ppm, where deposition is no longer favored [17].

XRD patterns after ex-situ reduction, noted above as fresh in
Fig. 2, exhibit prominent Ni (111) peaks at 44.5� 2h (JCPDS:
01-071-3740) for all measured Pt loadings and Pt (111) peaks at
39.8� 2h (JCPDS: 01-070-2431) for 0.7 and 1.0 monolayer samples.
Between the Pt (111) and Ni (111) peak a strong Ni-Pt alloy peak
ormation of an additional low temperature peak at 50 �C attributed to a Pt rich alloy
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with an approximate 3 to 1 Ni/Pt ratio was observed (JCPDS:
01-074-6872). To obtain clean diffraction patterns the c-Al2O3 sup-
port was deconvoluted from the metallic peaks by first normalizing
all signals 0 to 1 then subtracting an unmodified c-Al2O3 from the
metal-support profile. A complete procedure for normalization and
peak subtraction can be found in the supplementary material. The
presence of a Ni-Pt alloy accompanied by a crystalline Pt peak sug-
gests autocatalytic deposition of Pt salt onto reduced Pt metal dur-
ing ED to form measurable Pt ensembles, as depicted in Fig. 3. The
presence of NiO in the fresh samples was noted above. Additional
Fig. 5. (A) Representative kinetic runtime data taken for Ni@0.075Pt. (B) Arrhenius plots f
triplicate data captured at 550 �C for each sample and plotted at higher temperatu
thermodynamic equilibrium is near 50% CH4 conversion.

Table 2
Arrhenius data for ED derived Ni-Pt catalysts captured between 525 and 600 �C.

Catalyst Atomic % Ni Atomic %

5 wt% Ni 100 –
Ni@0.075Pt 98.8 1.2
Ni@0.4Pt 93.8 6.2
Ni@0.7Pt 89.8 10.2
Ni@1.0Pt 85.8 14.2
3 wt% Pt – 100

a Error propagated from triplicate rate data collected at 550 �C assuming relatively co
EDX imaging, included in the supplementary material, showed no
evidence for Pt deposition on the c-Al2O3 support and bath
stability experiments showed no uptake from strong electrostatic
interactions or thermal decomposition of the Pt precursor.

TPR of pre-oxidized samples was used to confirm the proximity
of Pt to the Ni phase; results are shown in Fig. 4. A pure Pt sample
exhibits a sharp peak at the 23 �C. The Pt-free Ni sample shows a
main reduction peak at 295 �C and a small shoulder peak at
200 �C previously associated with Ni3+ in the form of Ni2O3 [20].
As the ED-deposited Pt loading increases, the temperature of the
or catalysts in Table 1 at temperatures between 525 and 600 �C. Error bars represent
res for readability. (C) Steady state CH4 conversion rates at 550 �C. At 600 �C,

Pt Ea’ (KJ/mol) Ln(A’)

122.2 ± 6.6a 19.7 ± 3.2 a

101.5 ± 3.9a 16.6 ± 2.3 a

86.2 ± 2.9a 15.0 ± 5.5 a

95.8 ± 1.5a 16.0 ± 1.9 a

96.4 ± 3.45a 15.8 ± 4.0 a

– –

nstant uncertainty with increasing temperature.
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main reduction peak decreases, consistent with lower reduction
temperatures of Ni-Pt alloys seen in previous studies [5,8,21]. A
maximum offset of 30 �C is observed for a loading of one mono-
layer of Pt. The reduction of both the Ni and Ni3Pt phases seen in
the XRD patterns of the fresh catalysts (Fig. 2) would occur in
the main peak. The low temperature shoulder at 200 �C on the
Ni-only catalysts diminishes as the Pt loading increases; this sug-
gests that since Pt does not oxidize below 300 �C [23–25], that Pt
at the Ni surface stabilizes the surface against oxidation to Ni3+.
The appearance of a small, low temperature (50 �C) peak at the
higher Pt loadings is consistent of the XRD observation (Fig. 2
Fresh) of small amounts of a Pt rich alloy at the higher Pt loadings,
and the small high temperature peaks at 530 �C are likely due to Pt
assisted reduction of Ni aluminates [22].

3.2. Low temperature kinetics

Kinetic evaluations were performed at constant partial pres-
sures and CH4 conversions below 10% to avoid mass transfer and
thermodynamic limitations. At temperatures exceeding 600 �C,
deactivation was observed for both monometallic and bimetallic
samples limiting the conditions at which kinetic data could be
obtained, Fig. 5A (50 h TOS). Therefore, Arrhenius data is reported
up to 550 �C for 0.7 theoretical monolayers Pt and 600 �C for all
other catalysts, Fig. 5B.

Kinetic results indicate a synergistic effect for Ni-Pt systems.
Assuming a general rate expression, Eq. (3), and Arrhenius behav-
ior, Eq. (4), apparent activation energies were calculated for the Ni-
Pt series, Table 2. Where k0 is the rate constant, Px is the partial

pressure of reactant x, a and b are reaction orders, A
0
0 is the appar-

ent pre-exponential factor, E
0
a is the apparent activation energy, R is

the ideal gas constant, and T is the reaction temperature in Kelvin.

RateCH4Consumption ¼ ðk0ÞðPaCH4
ÞðPb

CO2
Þ ð3Þ

k0 ¼ ðA0
0Þeð

�E
0
a

RT Þ ð4Þ
while it is traditionally hazardous to infer mechanistic information
based solely on apparent activations energies, the conditions used
Fig. 6. Methane conversion at 700 �C as a function of time on stream with a com
thermodynamically limited at 85%.
in this study (525–600 �C, 101 kPa, 1/1/2 CH4/CO2/He Feed) suggest
a first order dependence on CH4 [26,27]. Therefore, above 525 �C it
was assumed that CH4 surface coverages were negligible and under
these conditions CH4 activation was approximated to be the sole
rate determining step [27,28]. From the Arrhenius data, calculated
apparent activation energies for all samples agree with those previ-
ously reported for DRM (92, 96, and 109 kJ/mol on Ni/MgO, Ni/SiO2

and Ni/TiO2) but a comparison of the monometallic and bimetallic
data showed a consistent reduction in activation energy for the
Ni-Pt series, Fig. 5B [6,29–31]. Since Pt is known to assist dehydro-
genation, it is likely lowering the CH4 decomposition barrier and
improving rates for low to moderate Pt coverages between 525
and 600 �C, Fig. 5B and C [32,33].

Extending the analysis to a review of CO adsorption enthalpies
at 0.2monolayers for Ni(100) (135 kJ/mol) and Pt(111) (115 kJ/mol)
suggests a negligible inhibition from product species, but a com-
parison of temperature programed desorption (TPD) patterns for
Ni, Pt, and Ni-Pt ALD samples indicates a drastic increase in the
CO desorption temperature (+300 �C) for bimetallic samples
[5,34–36]. In separate studies, Gould et al. compared a series of
incipient wetness prepared Ni/Al2O3 to Ni-Pt/Al2O3 ALD samples
and demonstrated a broad CO desorption peak (100–400 �C) for
Ni and a narrow high temperature peak (400–625 �C) for bimetallic
samples [37]. Furthermore, peak areas were shown to scale with
increasing numbers of ALD cycles suggesting a correlation between
Pt loading and CO capacity. This result could explain why in the
present study, low Pt loadings (0.4 & 0.075 ML) out performed
higher loadings (0.7 & 1.0 ML) at 550 �C, Fig. 5B.
3.3. High temperature evaluation

High temperature experiments were performed at 700 �C with
CH4 conversions between 35% and 45% providing sufficient load
to test deactivation kinetics absent thermodynamic equilibrium
at approximately 85% conversion. Between 0 and 20 h, samples
were allowed to reach pseudo steady state before flow rates were

adjusted to a constant GHSV (19000 h�1) while maintaining partial
pressures. Two observations were apparent from the high temper-

ature data in Fig. 6. First, after reaching a GHSV of 19,000 h�1 linear
mon GHSV of 19,000 h�1 in excess of 20 h TOS. At 700 �C CH4 conversion is



Fig. 7. XRD profiles for fresh samples reduced at 200 �C in H2, and spent samples treated under DRM conditions for 20 h at 550 and 700 �C for Ni@0.4Pt (A), Ni@0.7Pt (B), and
Ni@1.0Pt (C).
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deactivation was present for all samples. Second, all bimetallic cat-
alysts showed lower activity compared to monometallic Ni. To
explain this behavior a series of XRD, TPO and STEM experiments
were performed. Fig. 2 compares XRD patterns for fresh samples,
previously described in Section 3.1, and spent samples which were
reduced in situ at 600 �C under H2 and subjected to DRM for 20 h at
700 �C with a CH4/CO2/He ratio of 1/1/2.

Spent samples in Fig. 2 show prominent Ni (111) peaks at 44.5�
2h for all measured Pt loadings and Pt (111) peaks at 39.8� 2h for
0.4, 0.7, and 1.0 monolayer samples. Between the Pt (111) and Ni
(111) peak the Ni-Pt alloy peak shifts rightward for intermediate
Fig. 8. (A) Ni/Pt atomic ratios calculated from Vegard’s Law for fresh and spent
catalysts after 20 h TOS at 550 and 700 �C. (B) Ni-Pt phase diagram post ED
reduction temperature (Blue), high temperature XRD (Red), low temperature XRD
(orange).

Table 3
Ni, Ni-Pt Alloy, and Pt particle size calculated from XRD. Pt particle size increases by a fac

Nickel

Fresh Spent
(550)

Spent
(700)

Fresh

5 wt% Ni 4.6 – 5 –
Ni@0.075Pt 4.6 – 6.3 –
Ni@0.4Pt 4.5 5.7 6.2 6.9
Ni@0.7Pt 4.1 6.5 6.1 6.7
Ni@1.0Pt 4.7 6.2 6.4 7.25
3 wt% Pt – – – –
Pt loadings (0.4 & 0.7 ML) and a comparison to known XRD pat-
terns for the 1.0 ML sample suggests the formation of a Ni-Pt-Al
alloy (JCPDS: 01-071-5889) which may also explain differences in
the fresh and spent baseline patterns.

In light of the findings for post reaction samples at 700 �C addi-
tional experiments were performed to probe surface reconstruc-
tion as a function of both temperature and composition, Fig. 7.
Under DRM conditions at 550 �C, the Ni-Pt alloy peak remained
fixed at 41.6� 2h and the intensity increased from 0.4 to 0.1 ML
Pt. Furthermore, with additional Pt loading the metallic Ni (111)
peak decreased and Pt (111) peak increased indicating growth of
the Ni-Pt alloy phase. Applying Vegard’s Law to the Ni3Pt (111)
peak, Eq. (5), where ax is the pure metal or alloy lattice constant
and XPt is the mole fraction of Pt, calculated Ni/Pt ratios suggest
alloy stability at 550 �C but a Ni rich shift at 700 �C, Fig. 8A, and
comparison of operating temperatures to the Ni-Pt phase diagram,
Fig. 8B, predicts thermodynamic instability above 600 �C [38].

aNi�Pt ¼ 1� XPtð Þ aNið Þ þ ðXPtÞðaPtÞ ð5Þ
3.4. Ni-Pt stability

Ni-Pt alloy, metallic Ni, and metallic Pt particle sizes were cal-
culated using the Scherrer Equation and displayed in Table 3. For
pure metallic Ni and Pt, final values at 550 and 700 �C are nearly
identical but compared with fresh samples, the final Ni, Pt, and
Ni-Pt alloy showed a consistent increase in particle size. In addi-
tion, STEM experiments were performed for 5.0 wt% Ni, Ni@1.0Pt,
Ni@0.7Pt, and Ni@0.4Pt and particle growth trends were in good
agreement with XRD results but XEDS analysis also indicated a cor-
relation between high Pt loadings and large Pt clusters for samples
treated at 700 �C, Fig. 9. Furthermore, carbon whiskers were often
associated with Pt loaded samples, an observation not found in the
metallic Ni imaging. Without a large statistical dataset, it was dif-
ficult to make definitive conclusions regarding particle composi-
tion, size, or the degree of whisker carbon formation for fresh
compared to spent samples. However, within this dataset there
was sufficient evidence to suggest that the variability in DRM per-
formance and particle composition was more prominent for Pt
loadings greater than 0.4 monolayers, Fig. 9. Histograms for both
fresh and spent Ni samples are included in the supplementary
material and showed mean number averages of 6.0 ± 3.6 nm
(n = 145) and 8.5 ± 2.7 nm (n = 101) respectively. Based on these
measurements it was thought that deactivation due to sintering
does not play a major role over the linear region (TOS 30–50 h)
and instead, activity loss likely results from increased coke
formation.

To quantify carbon deposition TPO was performed on select
samples in which DRMwas carried out at 700 �C until deactivation,
then cooled in a He environment to release adsorbed hydrocar-
bons. Peaks shown in Fig. 10 (m/e = 44) were attributed to solid
carbon burn-off and match temperatures previously reported
[39]. The kinetic analysis in Section 3.2 showed an increase in
tor of 3 for heat treated samples.

Ni-Pt Alloy Platinum

Spent
(550)

Spent
(700)

Fresh Spent
(550)

Spent
(700)

– – – – –
– – – – –
7.4 5 7.6 – –
7.5 4.8 8.5 20.8 21
8.1 5.8 7.8 27.8 21
– – 10.8 – 19.9



Fig. 9. EDX imaging for Pt agglomeration at high Pt atomic loading (Bottom) and stable alloy composition at low Pt atomic loading (Top). Gamma alumina support (Red), Pt
(Yellow), Ni (Blue). Fresh samples have been reduced at 200 �C in H2. Spent samples indicate exposure to DRM between 525 and 625 �C in excess of 50 h TOS.

Fig. 10. TPO data collected for 5.0 wt% Ni, 3 wt% Pt and select bimetallic samples after complete deactivation at 700 �C at which point catalysts were cooled to room
temperature in He to desorb residual hydorcarbons.
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methane decomposition rates with the addition of Pt and the inte-
grated m/e = 44 peak areas in Table 4 indicated a direct relation-
ship between Pt loading and coke formation [21,22]. In
agreement with the XRD results, TPO further suggested that
temperatures in excess of 600 �C favored separation of the Ni-Pt
alloy to form large Pt ensembles which can over promote methane
decomposition to surface carbon and increase catalyst deactivation
rates over the linear region, Fig. 6 (TOS 30–50 h).



Fig. 11. Compensation plot for 5.0 wt% Ni (Gray), Ni@0.075Pt (Blue), Ni@0.7Pt
(Red), Ni@1.0Pt (Black) and Ni@0.4Pt (Green) with an operating temperature
between 525 and 600 �C.

Fig. 12. H2/CO ratios and the calculated thermodynamic limit (solid black) vs CH4

conversion.

Table 4
High temperature linear deactivation rates and integrated TPO peak areas (m/e = 44).
Note peak integration was performed on spent samples after complete deactivation.

Catalyst Ni/Pt atomic ratio Deactivation rate
(mmol CH4 h�2 gmetal

�1 )b
Coke formation
(mmol C/gcat)

5 wt% Ni – 121.2 3.54 (150c)
Ni@0.075Pt 83.3 145.8 4.22 (150c)
Ni@0.4Pt 14.3 205.2 –
Ni@0.7Pt 8.8 242.1 –
Ni@1.0Pt 5.9 262.8 6.99 (110c)
3 wt% Pt – 6774 7.21 (20c)

b Deactivation rate averaged over the linear region (30–50 h TOS), Fig. 4.
c Time on stream (hours).
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3.5. Ni-Pt activity

The high temperature results, Fig. 6, indicated an indirect corre-
lation between Pt loading and activity with pure 5.0 wt% Ni outper-
forming all bimetallic samples. This inverse behavior was
attributed to a compensation effect observed for this catalyst series
[40–42].

ln A
0� �

¼ aþ Ea
0

Rh
ð6Þ

Eq. (6) describes the relationship between the apparent pre-
exponential factor and apparent activation energy with a and h
representing a constant and the isokinetic temperature respec-
tively. When plotted for the Ni-Pt series, a linear trend is formed
with a = 3.14 and h = 624 �C, Fig. 11. For a class of materials
exceeding the isokinetic temperature, performance trends are
expected to reverse i.e. the pre-exponential factor will increase
with temperature to offset reduced apparent activation energies.
This phenomenon explains why reaction rates are positively influ-
enced by Pt addition below 600 �C, but negatively influenced at
700 �C and illustrates the importance of screening materials across
a wide range of operating temperatures.

Since its first observation in 1925, many studies have sought to
understand the nature of isokinetic compensation [41,43–46]. Due
to the efforts of Exner, Linert, and Jameson [45,46] much of the
early skepticism surrounding this phenomenon has been dissolved
and physical significance is often accepted for the compensation
relation, Fig. 11. However, we do not intend to apply chemical or
catalytic significance to the meaning of this compensation effect,
but to highlight the value of the isokinetic temperature, the tem-
perature at which catalytic activities are the same for all the cata-
lysts. The existence of an isokinetic temperature for a series of
catalysts means activation energies are different and that a linear
regression plot based on Eq. (6) will give the isokinetic tempera-
ture, 624 �C in this instance. As alluded above, comparisons of
activities for a series of catalysts must be made for the same side
of the isokinetic temperature. Thus, the order of activities will be
different for each side, and the further away for the isokinetic tem-
perature, the bigger the difference.
3.6. Ni-Pt selectivity

At conditions of similar conversion, high temperature selectiv-
ity showed no dependence on Pt loading. Further analysis under
low temperature conditions, Fig. 12, agreed with thermodynamic
predictions for H2=CO ratios, typically 1 to 1 due to a strong reverse
water gas shift reaction (RWGS) reaction, calculated from a mini-
mization of Gibbs free energy. Under both conditions, a hydrogen
balance (Hb) yielded values approaching unity for all samples
where Nx is the moles of each species, Eq. (7), which strongly sug-
gests that Pt addition plays no role in H2 selectivity.

Hb ¼
ðNFeedCH4

Þð4Þ
NProductH2O
� �

2ð Þ þ NProductH2

� �
2ð Þ þ ðNProductCH4

Þð4Þ ð7Þ
4. Conclusion

A series of precisely prepared Ni-Pt catalysts were prepared by
electroless deposition and evaluated for the dry reforming of
methane. When Pt is added to Ni nanoparticle surfaces via electro-
less deposition, a Ni rich alloy forms and the activity exhibits a
maximum in Pt loading corresponding to 0.4 monolayers of Pt on
Ni. Arrhenius data captured at low temperature conditions
(525–600 �C) implies a synergistic effect on apparent activation
energies corresponding to an increase in CH4 conversion rates. At
high temperature (700 �C) the nanoparticulate alloy phases segre-
gated, in agreement with the bulk phase diagram. The resulting Pt
rich ensembles promote methane activation to coke, the source of
deactivation. In all cases Pt did had no effect on selectivity, which
was instead driven by thermodynamic limits.
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