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ABSTRACT: Alloy nanoparticle catalysts are known to afford
unique activities that can differ markedly from their parent
metals, but there remains a generally limited understanding of the
nature of their atomic (and likely dynamic) structures as exist in
heterogeneously supported forms under reaction conditions.
Notably unclear is the nature of their active sites and the details
of the varying oxidation states and atomic arrangements of the
catalytic components during chemical reactions. In this work, we
describe multimodal methods that provide a quantitative
characterization of the complex heterogeneity present in the
chemical and electronic speciations of Pt−Ni bimetallic catalysts
supported on mesoporous silica during the reverse water gas shift
reaction. The analytical protocols involved a correlated use of in
situ X-ray Absorption Spectroscopy (XAS) and Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS),
complimented by ex-situ aberration corrected Scanning Transmission Electron Microscopy (STEM). The data reveal that
complex reactions occur between the metals and support in this system under operando conditions. These reactions, and the
specific impacts of strong metal−silica bonding interactions, prevent the formation of alloy phases containing Ni−Ni bonds. This
feature of structure provides high activity and selectivity for the reduction of CO2 to carbon monoxide without significant
competitive levels of methanation. We show how these chemistries evolve to the active state of the catalyst: bimetallic
nanoparticles possessing an intermetallic structure (the active phase) that are conjoined with Ni-rich, metal-silicate species.
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■ INTRODUCTION

Supported alloy nanoparticle (NP) catalysts have been widely
used for heterogeneous catalysis, with applications in reforming
processes, selective hydrogenation/oxidation, and other
important reactions in both the petroleum and fine chemical
industries.1−4 After decades of research and development,
candidate components can be rationally selected, at least
partially, based on theoretical predictions of electronic
structure, adsorption properties, and mechanisms of cataly-
sis.5−7 In many cases, understanding the structures adopted by
supported metal NPs in the environments of their use can
provide a key to understanding their catalytic properties. It is
now well appreciated that supported NPs can differ from their
bulk counterparts in significant ways affecting catalytic

performance. These include the presence of a high density of
low coordination number sites, surface relaxation and other
forms of bond strain, as well as the effects of quantum
confinement on electronic structure. Perhaps most notably,
very small metal NPs are stabilized by poorly understood
bonding interactions with their supports, which can lead to
changes in their physical and chemical behaviors.8,9 The current
work examines such a system and documents a set of
multimodal characterization tools that serve to illuminate the
nature of the complex speciations present in bimetallic Pt−Ni
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catalysts supported on mesoporous silica during the reverse
water gas shift reaction.
Many supported metals have been studied as catalysts for the

water gas (WGS) and reverse water gas (rWGS) shift reactions,
processes used in steam reforming and Fischer−Tropsch
processes to adjust H2/CO ratios in syngas.10−12 The catalyzed
conversion of CO2 to CO has also been recognized as a
potential method for the chemical fixation of CO2 released
from fossil fuel combustion. For instance, CO is a carbon
source for industrial production of long-chain hydrocarbons via
the Fischer−Tropsch process.13 Along with the production of
CO, CH4 can be generated as a significant byproduct of CO2
hydrogenation (via further hydrogenation of CO), although
with a lower market value than CO at present.14 The
hydrogenation of CO2 to CO and the hydrogenation of CO
into multiple byproducts (primarily methane) are all commonly
catalyzed by transition metals, with pathways that share
multiple elementary steps.14,15 Additionallybecause these
processes have a similar activation energyCO and CH4 are
often produced from CO2.

15−17 Although CH4 is of higher
market value than CO2, a reaction that leads to the creation of a
mixture of CO and CH4 is much less useful since these
molecules are most generally utilized as inputs for different
subsequent processes (except in the case of combustion).
Therefore, the structural study of an exemplary system with
enhanced selectivity for CO is of great importance. Compared
to monometallic NPs, alloy NPs exhibit greater tunability of
their surface structure and electronic properties, which makes it
possible to differentiate between reaction pathways to achieve a
higher activity and improved selectivity.
Given the critical correlation between structure and catalytic

properties, the preparation of supported metal catalysts needs
to be optimized to achieve the desired size, composition, spatial
distribution, morphology, and interfaces as well as provide
capacities for regeneration and long lifetimes on stream. In
addition to chemical reactions that can impact the composition
of a metal catalyst (e.g., poisoning), the valence states, atomic
arrangements, and even metal-particle sizes can be significantly
affected by the chemical environments present under working
conditions.18−20 For instance, the surface segregation and
surface chemistry of alloy NPs are determined not only by the
intrinsic properties of the components in the alloy but are also
affected by species adsorbing from the ambient reaction.21

These effects can lead to the specific segregation of alloy
constituents,19,22 as well as reconstructions that impact the
nature and numbers of active surface sites.23,24 The nature of
this complexity motivates the development of new multimodal
methods suited to characterize such features in catalysts both in
situ and in their working conditions (operando)to provide
fully established understandings of structure−property correla-
tions in catalysis.18−20,22 A study of catalysts following this
concept needs to combine not only typical structural
characterization techniques but also specially designed
protocols to extract information regarding dynamical/composi-
tional attributes of structural evolution induced by changes in
operando chemical environments.
The finite cluster sizes of supported nanoscale bimetallic

catalysts provide a point of particular interest here as they
provide perturbations that in some cases can preclude the
formation of known bulk alloy/intermetallic phases, but instead
drive the adoption of new and even highly disordered
structures. A goal of the present work is to study how support
effects, and more specifically solid−solid reactions occurring

with it, can both drive and stabilize the formation of
intermetallic phases in supported NP catalysts. We describe
the operando structural dynamics seen during the rWGS
reaction catalyzed by a bimetallic PtNi catalyst supported on
the mesoporous silica, SBA-15. The known high activity of the
PtNi bimetallic system in this case is found to act in synergy
with the mesoporous silica, which (as we will show) strongly
stabilizes the formation of very small bimetallic (and likely
intermetallic) particles conjoined with a dispersed Ni-silicate
phase as required to preserve mass balance.25−27 The data from
this multimodal study reveal a complex interplay of
thermochemical−kinetic features that mediate the temporal
and compositional evolution of operando structure in this
bimetallic catalyst.
We present below the results of a multimodal operando

study of the hydrogenation of CO2, highlighting a unit
stoichiometry (1:1) nanoscale PtNi catalyst supported on
mesoporous silica (PtNi/SBA-15). The work specifically
focuses on the structure (spatial/atomic and electronic)−
performance relationships of the metals as present in their most
active form. These catalysts show both high activities and
selectivity for the rWGS reaction over a broad range of
operando conditions, producing CO from the partial hydro-
genation of CO2 without significant levels of over reduction to
methane. The large penetration depth of the hard X-rays used
in this work (X-ray Absorption Spectroscopy) provides a means
to fully speciate the complex (and, as we show, composition-
ally/structurally heterogeneous) operando bonding of the
metals present both on and within the pores of the SBA-15.
We adopted a previously described multiprobe microreactor
platform28 to carry out the X-ray Absorption Fine Structure
(XAFS) studies in this work and provide a means to
meaningfully correlate those results with data from other
methodsa combination of in situ micro-XAFS complimented
by ex situ Scanning Transmission Electron Microscopy
(STEM) and further correlated with kinetics and product
conversion measurements made by online Gas Chromatog-
raphy−Mass Spectrometry (GC-MS) and metal−adsorbate
bonding. The latter are deduced via in situ Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS). Taken
together, the data reveal a compositional/structural model for
the operando catalyst that embeds both nanoscale Ni-silicate
and PtNi alloy (likely intermetallic) phases. The strong (and in
this case Ni-reactive) metal−support interactions drive the
formation of an off-stoichiometry (Pt-rich) intermetallic phase
that eliminates in-operando homometallic Ni−Ni interactions
in favor of heterometallic Pt−Ni bonding and serves as the
active phase for the selective reduction of CO2.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Ultrapure water (18.2 M·Ohm)

from a Millipore purification system was used throughout this
work. SBA-15 mesoporous silica was purchased from ACS
materials. Ni(NO3)2·6H2O (99%, Acros) and [Pt(NH3)4]Cl2·
xH2O (98%) were purchased from Sigma-Aldrich; ammonia
hydroxide (28−30%) was purchased from Fisher Scientific.

Preparation of Supported Catalysts. In a typical
preparation process, 0.50 g of SBA-15 mesoporous silica was
dispersed in 8 mL of 0.6% NH3·H2O aqueous solution by
sonication for 1 h. Afterward, metal precursors dissolved as 4
mL of aqueous solution was added to the aforementioned SBA-
15 dispersion. For a loading of 1:1 Ni/Pt atomic ratio (with ca.
1 wt % Pt normalized to silica), the precursor solution was
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prepared as follows: Nickel was converted into [Ni(NH3)6]
2+,

by dissolving 7.5 mg of Ni(NO3)2·6H2O in 1.5 mL of H2O
followed by 0.1 mL of 30% NH3·H2O solution, then 8.5 mg of
[Pt(NH3)4]Cl2·xH2O (x ≈ 2) was added to the solution and
diluted to 4 mL. After adding the precursor solution, the SBA-
15 dispersion was left under stirring for 4 h. The loaded silica
was separated and washed by centrifuge/redispersing for four
cycles in water to remove ammonia and anions from precursors.
After drying overnight at 358 K, the sample was crushed into a
powder, calcined at 573 K in the air for 2 h (1 K/min heating
ramp), and reduced in 5% H2 at 673 K for 2 h (5 K/min). The
same procedure was used for monometallic loading, except only
one precursor was used with a doubled amount to achieve the
same total molar loading of metal. The metal compositions
were confirmed by ICP elemental analyses that affirmed loading
efficiencies of 90−100% (the measured wt % loadings of Ni and
Pt were 0.32% and 0.93%, respectively, in the bimetallic catalyst
and 0.63% and 1.83% in the corresponding monometallic
catalysts).
Scanning Transmission Electron Microscopy Charac-

terization. High-angle annular dark-field−scanning trans-
mission electron microscopy (HAADF-STEM) was used to
measure the size distribution of the particles. The sample was
suspended in water and drop-casted onto lacey carbon copper
grids (Ted Pella) for analysis using a JEOL 2200-FS TEM
operated at 200 kV in STEM mode. STEM-Energy Dispersive
X-ray analysis (EDX) mapping was performed in the Center for
Functional Nanomaterials at Brookhaven National Laboratory
with an FEI Talos F200X TEM (operated at 200 keV)
equipped with an energy dispersive X-ray spectrometer.
XAFS Experiments. X-ray absorption fine structure data

were collected at the microXAS beamline (μ-XAS, X05LA) of
the Swiss Light Source (SLS), Paul Scherrer Institute.
Measurements were performed with a microreactor28,29 in
fluorescence mode with the incident pencil beam focused by a
Kirkpatrick−Baez (KB) mirror system to the size of 30 × 10 (H
× V) μm2. The incident X-ray intensity was monitored by a
mini ion chamber continuously flushed with N2, and the
fluorescence signal was monitored by a Silicon Drift Detector.
Detailed data processing and a fitting procedure are included in
the Supporting Information (SI), section 5. For the operando
measurements, the sample was treated using the following
sequence: (1) activation in 5% H2 at 673 K for 2 h; (2) r-WGS
reaction conditions of 10% CO2 and 20% H2 at 673 K for 2 h;
(3) full oxidation in 20% O2 at 673 K for 2 h. The microreactor
was operated with a release valve that constrained the pressure
at 1 atm. The flow rate was 0.2 sccm through the cell. A
quadrupole mass spectrometer (Hiden) was used to monitor
the integrity and gas composition in the microcell.
DRIFTS Experiments. The spectra were collected using a

Nicolet 6700 FTIR spectrometer equipped with a rapid-
scanning liquid-nitrogen-cooled mercury cadmium telluride
(MCT) detector and a Harrick reaction chamber.30 Before each
measurement, the catalyst was pretreated in a 20 mL/min 25%
H2/He mixture at 673 K for 1 h and then purged with 20 mL/
min He for 20 min. Subsequently, the catalyst was cooled to
room temperature, and the corresponding background
spectrum (512 scans) was acquired with a resolution of 4
cm−1. The DRIFT spectra featuring CO adsorption were
recorded after the samples were exposed to CO (5 mL/min
CO balanced with 15 mL/min He) at room temperature for 30
min and the purging of a helium flow at 20 mL/min for 30 min.

The DRIFT spectra shown in this work were expressed in units
of Kubelka−Munk absorbance.

Flow Reactor Test. Flow reactor studies of the CO2
hydrogenation reaction were performed in a 1/4 in. quartz
tube reactor under atmospheric pressure. Approximately 50 mg
of sieved catalysts (40−60 mesh) were used for steady-state
experiments. H2 and CO2 were set at a 2:1 ratio (10 mL/min
H2 with 5 mL/min CO2) and diluted with 25 mL/min Ar. Prior
to each test, the catalyst was first reduced at 673 K for 60 min
in a H2/Ar mixture (10 mL/min H2 and 30 mL/min Ar). Then,
the inlet flow was switched to reactants and held for at least 14
h. After the steady-state measurement, the reaction temperature
was changed from 673 to 613 K in 10 K increments so that the
effect of temperature on the reaction rate of CO2 and H2 could
be studied. The concentrations of gas products were analyzed
online by a gas chromatography instrument (Agilent 7890B)
equipped with a flame ionization detector (FID) and a thermal
conductivity detector (TCD).

Pulse CO Chemisorption Measurements. Pulse CO
chemisorption measurements were performed on an AMI-
300ip (Altamira) instrument. Approximately 20 mg of catalyst
was loaded into a U-shaped quartz tube and dried at 393 K with
30 mL/min He for 30 min. The reduction was performed in a
30 sccm 10% H2/Ar flow, with a heating rate of 10 K/min from
323 to 723 K and then held at 723 K for 45 min (since the
reactor is much larger than the microcell, we used a slightly
higher temperature to ensure the complete/equilibrated
reduction of the metal loadings). The reduced sample was
then purged in 30 mL/min He for 20 min for degassing at 723
K and cooled to 313 K. Pulses of 10% CO balanced with He
(loop 590 μL) were injected onto a 50 mL/min He stream
until the peak area became constant. The amount of CO
flowing out of the reactor was analyzed by a thermal
conductivity detector (TCD).

■ RESULTS AND DISCUSSION
It is now well appreciated that supported bimetallic catalysts
can offer marked advantages with regard to important process-
centric metrics that include activity, selectivity, and stability on
stream.31−34 The current literature describes many procedures
for the synthesis of supported catalysts of this form (e.g.,
impregnation by incipient wetness etc.35), and there remains a
broad interest in the development of new methods that can
provide improvements regarding the forms of heterogeneity
(e.g., in terms of the compositional and size distributions) these
materials embed. The characterization of systems in which such
forms of complexity are prominent remains a significant
challenge and helps motivate current interests related to the
development of new multimodal operando methodologies.36

Such methods are exploited in the current work, which
examines a new variant of a widely studied bimetallic catalyst
composition for the rWGS reaction nanoscale (∼1 nm) PtNi
catalysts supported on mesoporous silica (PtNi/SBA-15).
These methods illustrate that an unexpected form of composi-
tional/structural heterogeneity characterizes the operando
structure of these catalyst materials and establish a precise
speciation of the active phase that affords high rate and high
selectivity conversions.
To prepare the supported catalysts examined in this work, we

used a cation-exchange method to promote dispersion of the
metal precursors on the support.37−40 To this end, we chose
mesoporous SBA-15 silica as a support because it provides a
charged surface for cation exchange and a high specific surface
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area (>600 m2/g) sufficient to carry metal contents as high as
8−10% for both Ni and Pt while retaining small particle sizes
and resistance to sintering on reduction.41,42 The details of the
synthesis and catalyst activation procedures are given in the
Experimental Section.
The nature of the metal species obtained after the final

reduction step at 673 K was examined by STEM, where images
show an extensive dispersion of small bimetallic PtNi clusters
(vide infra) throughout the SBA-15 support (Figure 1a−c).

Quantitative analyses of the microscopy data show a uniform
morphology with a narrow distribution of particles 0.96 ± 0.22
nm in diameter distributed throughout the pores (Figure 1d).
Additionally, there were very few (less than 1 count per several
pore channels) larger particles (∼5 nm), a number sufficiently
small so as to contribute negligibly to the catalytic performance.
As will be discussed later, the average size of the PtNi NPs
deduced from operando XAS data is about 1 nm (ensembles of
about 37 atoms), which agrees well with the STEM results. In

Figure 1. Scanning transmission electron micrograph of (a) micrometer-scale general view of the bimetallic loaded SBA-15 support. (b) Channel-
end and (c) -side view of the PtNi/SBA-15 catalyst under different magnifications and (d) the histogram of particle size for observed clusters (200
counts), showing a narrow distribution centered at 0.95 nm. The micrographs demonstrate the uniform spatial and size distribution of supported
NPs. Note that the significantly larger particles (∼5 nm) with a very small population are excluded from the histogram.

Figure 2. HAADF-STEM images and EDX maps showing the distribution of Ni and Pt in the PtNi/SBA-15 catalyst. We find two typical
morphologies: in a, the Pt and Ni are distributed over the support, with some local clustering observed; in b, there is evidence that the Ni distribution
is segregated within the pores of the SBA-15 support, as evidenced by both the alignment and spacing of the Ni distribution.
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the STEM characterization experiments, no crystal lattices of
the NPs were observed, a result possibly suggesting structural
disorder (e.g., as caused by adsorbed oxygen) or contrast
limitations between the NPs and the matrix of the surrounding
mesoporous support. We further examined the catalysts after
activation via diffraction mode STEM measurements. These
data showed no evidence of crystallinity being present within
the sample.
EDX mapping confirmed that Ni and Pt atoms are uniformly

distributed throughout the SBA-15 structure. Two typical
sample areas are shown in Figure 2, with data shown in the
STEM and EDX signal channels. The HAADF-STEM
micrograph and the EDX mapping show a strong correlation
between the NPs and the elemental signals; however, due to
the spatial resolution, the EDX profiles appear to be conformal
to the overall outline of the support. Additionally, there are no
regions in which the EDX mapping indicates the presence of
one metal without the other, implying that the formation of
alloys/intermetallics would not be limited by segregation
occurring during the impregnation/activation processes. Even
so, there are some subtle differences noted between the Ni and
Pt distributions within these data: some regions have somewhat
higher Ni content, and the Ni shows a stronger dependence on
the morphology of the silica (there are no similar
correspondences for Pt that we have found). This suggests a
stronger interaction between Ni and the mesoporous surfaces
of the SBA-15 silicate. We note that the XAFS results presented
below indicate that the NPs have a lower content of Ni
compared to the stoichiometry of the full metal loading, with
the excess Ni retained on the support as a silicate. We defer
further comment on this point to later in the manuscript.
We evaluated the activity of the PtNi/SBA-15 catalyst

system, along with controls via its monometallic analogs, using
the rWGS reaction as a probe reaction. The catalytic properties
of the PtNi/SBA-15 materials are presented in terms of their
activity and selectivity, as quantified by measures of Specific
Time Yield (STY), Turnover Frequency (TOF), and the CO/
CH4 ratio in the product effluent (Figure 3, see tabulated data
in Tables S1, S2). Specific conditions used in the catalytic
reaction cycles are given in the Experimental Section and SI.
The hydrogenation of CO2 generally produces two major
products, CO and CH4; the latter is the typical hydrogenation
product formed over 3D-metal catalysts. The literature notes
that a higher selectivity to CO is afforded by specific bimetallic

catalyst compositions.43−45 The PtNi/SBA-15 catalyst was
tested along with similarly prepared and activated monometallic
controls at the same (limiting) atomic loading of metal (vide
supra). In the development of catalysts for the rWGS reaction,
both the productivity (STY) and the selectivity of producing
CO are important for evaluating performance. As shown in
Figure 3a, a comparison of the productivity of the three samples
suggests the catalyst with just Pt has a significantly lower
activity. We carried out CO chemisorption measurements to
normalize the measured activities to the samples surface area.
Since Ni cannot be fully reduced by the activation conditions
(vide infra), the CO chemisorption result for the Ni/SBA-15
sample may not correctly reflect the true population of active
sites present in that sample. The comparison of Pt containing
samples with this apparent surface area normalization indicates
that the TOF of PtNi/SBA-15 is likely to have been
underestimated when using a weight/molar normalization of
metals. Nonetheless, our chemisorption surface area measure-
ment justified that the activity of this catalyst is not due to a
larger surface area arising from the dispersion (Table S3). Both
the conversion (TOF in Figure 3b) and yield of the Pt
monometallic catalyst are notably lower than those for the
other two catalysts that contain Ni. One possible explanation
could be that the CO and other carbon containing species
produced strongly adsorb on the surface and hinder the active
sites. The pure Ni loaded catalyst exhibits a much higher
conversion of both reactants, but a considerable amount of H2
(about 40% percent) is going toward the formation of CH4 in
this case. The bimetallic catalyst, PtNi/SBA-15, shows a
comparable productivity of CO with the pure Ni loaded
sample and has a CO/CH4 ratio of over 195, and thus the
actual selectivity is slightly better than in the pure Pt loaded
catalyst (see Figure S1 for the corresponding time dependent
activities).
The temperature−activity relationship reveals the impact of

different structures on the activation of the reaction (Figure
S2). The apparent activation energies of the rWGS reaction
over the catalysts were calculated from a linear fitting of
Arrhenius plots (Figure S3). The Pt monometallic catalyst has
similar activation energies for CO2 and H2 consumption, which
agrees with the activation energy calculated from the
production of CO and suggests that the rWGS reaction is the
dominant pathway. The PtNi bimetallic catalyst also has similar
activation energies for H2 and CO2 consumption, though the

Figure 3. Characteristic catalytic performance of metal/SBA-15 catalysts in the flow reactor test of rWGS reaction at 673 K: (a) Specific Time Yields
(STY) of CO and CH4 over PtNi/SBA-15, Pt/SBA-15, and Ni/SBA-15, respectively; the bimetallic catalyst shows good activity and very high
selectivity (described by the CO/CH4 molar ratio). (b) The consumption of feed stock as described by Turnover Frequency (TOF) of CO2 (teal)
and H2 (orange) over the three catalysts indicates a considerable portion of H2 on the monometallic Ni catalyst is wasted in the formation of CH4
(based on reaction stoichiometric calculation). All catalysts have the same molar loading of metals, and all specific time activities are normalized to
that molar amount.
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values are slightly higher than those measured for the pure Pt
catalyst. In contrast, the Ni monometallic catalyst, which
displays a significant decrease in CO/CH4 selectivity with
increasing temperature, has a higher apparent activation energy
for H2 consumption as compared to CO2. This difference is not
one that can be meaningfully interpreted given that there is a
significant and strongly temperature dependent deactivation
noted within the data for this control sample. By way of
comparison, there was no notable deactivation of CO
production observed after more than 10 h at 673 K for either
Pt-containing catalyst.
The different catalytic performances of these three catalysts,

especially in their selectivity, point to an essential difference in
the active site structure present in operando conditions. The
key inference here is that the structure of this site for the PtNi/
SBA-15 catalyst system must be associated with the metal
fraction present within bimetallic NP motifs (the measured
selectivity enhancements seen relative to the pure Ni/Pt
controls compel this conclusion). We performed a DRIFTS
study to better understand these sites using CO as the probe
molecule for speciations present in the activated catalyst
samples. The stretching frequency of adsorbed CO on the “on-
top” sites sensitively responds to the coordination environment
of the surface atoms and has been used as a useful indication of
the surface structure. For metal NP catalysts, this dependence
can reveal important attributes of surface characteristics,
specifically the composition and alloying/segregation man-
ifested at a NP surface. As shown in Figure 4, the spectra show

characteristic peaks between 2000 and 2100 cm−1 correspond-
ing to the stretching mode of CO molecules bound at on-top
metal sites. The adsorption of CO on Ni/SBA-15 is
characterized by vibrational modes dominated by an IR band
at 2053 cm−1. This frequency is close to the reported value
assigned to a linear form of CO adsorbed on a silica-supported
Ni catalyst (∼2040 cm−1).46 The line shape in this case is
highly asymmetric (toward higher wavenumbers), suggesting
some form of structural/compositional heterogeneity is likely
present (a feature of the chemistry discussed in greater detail
below). For CO adsorption on the Pt/SBA-15 catalyst, due to
the impact of truncated size and low coordination numbers, the
vibrational frequency is significantly lower than that reported
for a well-defined model single crystal substrate but matches

well with values reported for supported nanometer-scale Pt
clusters as well as for binding at edge/step sites.47,48 For the
PtNi/SBA-15 material, the CO stretching mode appears at
2067 cm−1, a value between those seen for the most intense
bands of the two monometallic catalysts. No band asymme-
tries/shoulder peaks of significant intensity are seen in this case.
Taken together, the DRIFTS data suggest the binding of CO
occurs at well-defined sites on the bimetallic catalyst that are
neither Ni nor Pt dominant. This suggests attributes of
structural behavior atypical of a binary alloy made from a 3D
metal and Pt, which more commonly segregate Pt to the crystal
surface after H2 activation.

25 This segregation, even for the very
small clusters present in this case, is expected given the 1:1
stoichiometry of Pt/Ni used in the synthesis. The nature of the
compositional speciation of the NPs present in the PtNi/SBA-
15 materials, and structural nature of their operando crystal
truncations, are more clearly evidenced in data coming from
XAS.
Figure 5 shows XAFS data measured on the Ni K-edge and

the Pt L3-edge, which together provided further information on
the average valence state and local bonding characteristics
(coordination numbers, bond lengths, and their disorder) of
metal sites present in the operando state of the PtNi/SBA-15
catalyst. The SI Figures S4 and S5 present Extended XAFS
(EXAFS) data in k-space for Ni and Pt edges, respectively. The
SI Figure S6 presents the data and fits shown for the Fourier
transform magnitudes and real parts. Full quantitative
tabulations of the fitting of the EXAFS data are given in
Table 1. As shown in Table 1, the contributions made by metal
(M)−O bonding interactions are substantive for the case of Ni,
for both the activated state of the PtNi/SBA-15 catalyst as well
as its form under the conditions of the rWGS reaction.
In considering the broader results shown in Table 1 (most

importantly, the large Ni−O coordination numbers, the
importance of heterometallic (Ni−Pt) bonding, the Ni−Si
scattering paths, as well the dominant contributions coming
from Pt−Pt bonds), it is evident that a very specific multiphase
heterogeneity must be present to account for these data, one
that we believe explicitly mediates the high selectivity and
activity conversions seen during the rWGS reaction. The X-ray
Absorption Near Edge Structure (XANES) region of the X-ray
absorption coefficient provides additional information in
support of the structural model that we summarize in greater
detail below. We observed marked changes in the absorption
peak (“whiteline”) region of both Pt and Ni during thermal
activation in hydrogen.49,50 As shown in Figure 5a, the
“whiteline” peak on Ni K-edge decreases in intensity, with
some subtle changes noted in other regions of the spectrum.
The quantitative trends seen here are ones most consistent with
speciations in which the Ni atoms have only been partially/
incompletely reduced upon activation in hydrogen at 673 K. In
the Fourier transformed EXAFS spectra of the Ni K edge, the
most prominent feature is the peak at 1.7 Å corresponding to
the Ni−O bonding. The peak amplitude decreases in the
reductive conditions, in accordance with the partial reduction of
Ni inferred from the XANES data, but is never completely
eliminated even when the catalyst is held in a H2 atmosphere at
673 K for 2 h. This reveals that strong interactions of Ni with
the silica support must be present in some degree in the
activated state of the catalyst. The spectra measured under the
active conditions of the rWGS reaction show increased Ni-low
Z interactions in the FT-EXAFS spectrum, compared to the
previous regime (under H2), perhaps as a consequence of a

Figure 4. DRIFTS band of CO atop adsorption on metallic sites of Ni,
Pt, and PtNi catalysts (after activation in H2/673 K) recorded at 298 K
with helium flow. Spectra are rescaled and with offset for plotting. The
spectrum from PtNi/SBA-15 provides evidence that the CO
adsorption is on an alloyed surface with the average feature between
those of the two monometallic loadings.
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larger population of interactions occurring between Ni and C/
O atoms. Considering the reduction reaction requires the
adsorption of CO2 on the catalyst surface, the differences noted
may be attributed to the dissociative adsorption of CO2 on the
surface as O adatoms and carbonyl intermediates. Besides the
Ni-low Z contribution, the EXAFS spectra also show a peak at
about 2.4 Å, confirmed by quantitative analyses to be
dominated by Ni−Pt interactions rather than Ni−Ni
contributions (note, this peak is located at a distance longer
than the Ni−Ni peak in Ni foil and shorter than the Ni−Ni
peak in bulk NiO).
The XAFS data measured at the Ni K-edge, revealing a

partially reduced state of that metal, are consistent with strong
Ni−SiO2 interactions described in the literature and a

recognized feature of their chemistry.31−34,51−53 In the
synthesis of highly dispersed Ni on silica using basic conditions,
it is known that Ni ions tend to share the oxygen atoms with
Si−O polyhedra and, after condensation and mild dehydration,
yield a stable Ni phyllosilicate. These phases (and closely
analogous aluminates) require forceful conditions to fully
convert base metals (e.g., Co, Ni, Mn, etc.) to silica/alumina
supported clusters.54,55 In a hydrogen atmosphere, the
reduction of the metal centers in the silicates requires heating
at temperatures above 750 K.51,52 The presence of noble metals
in these samples makes the reduction easier, leading to the
formation of bimetallic compositions.56 For the specific case of
Ni silicates, very high reduction temperatures are required to
generate fully metallic speciations (>850 K) and therefore the

Figure 5. X-ray absorption spectroscopy (XANES and EXAFS) data measured at the (a, b) Ni K-edge and (c, d) Pt L3-edge correspond to the
speciation of the two metals on the support in the activation condition and rWGS reaction condition. Spectra from the sample in an oxidizing
ambient atmosphere are also included in each panel for comparison. After the activation, the decrease in height of the main absorption peak suggests
that Ni species were partially reduced while Pt was almost complete reduced. In the rWGS reaction condition, the feature of reduced metals is well-
maintained. Fourier transform magnitudes of the extended X-ray absorption fine structure spectra of (b) Ni K-edge and (d) Pt L3-edge of PtNi/SBA-
15 confirm the existence of a Pt−Ni bond after reduction. Reference spectra (Pt, Ni foils, and NiO) are plotted in corresponding panels for
comparison. For better comparison, the magnitudes of the R-space spectra of Ni foil and NiO were reduced by 40%, and the r-space spectrum of
NiO was shifted vertically.

Table 1. EXAFS Analysis Results for PtNi/SBA-15 Catalyst under Different Gas Compositions

data bond N R (Å) σ2 (Å2) ΔE (eV)

H2 at 673 K Ni−O 3.7 ± 0.6 2.00 ± 0.03 0.007 ± 0.002 −0.4 ± 3.0
Ni−Pt 2.1 ± 0.8 2.60 ± 0.02 0.007 ± 0.002 −0.4 ± 3.0
Ni−Si 2.3 ± 1.0 3.24 ± 0.05 0.007 ± 0.002 −0.4 ± 3.0
Pt−Ni 2.1 ± 0.8 2.60 ± 0.02 0.007 ± 0.002 2.5 ± 3.3
Pt−Pt 6.0 ± 2.2 2.65 ± 0.03 0.007 ± 0.002 2.5 ± 3.3

RWGS at 673 K Ni−O 4.6 ± 0.8 2.00 ± 0.03 0.007 ± 0.002 −3.7 ± 3.7
Ni−Pt 2.5 ± 0.9 2.60 ± 0.02 0.007 ± 0.002 −3.7 ± 3.7
Ni−Si 1.7 ± 0.9 3.12 ± 0.06 0.007 ± 0.002 −3.7 ± 3.7
Pt−Ni 2.5 ± 0.9 2.60 ± 0.02 0.007 ± 0.002 9.1 ± 3.4
Pt−Pt 6.2 ± 2.3 2.75 ± 0.03 0.007 ± 0.002 9.1 ± 3.4
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promotional effects from Pt are likely to be very important. We
note that the catalysis demonstrates the importance of both Pt
and Ni in the active phase of the PtNi/SBA-15 material, in full
agreement with the results obtained for the Pt edge (both
XANES and EXAFS).
We start the discussion of the Pt L3-edge results with a

similar overview of the Pt oxidation states and Pt-low Z
bonding (Figure 5c and d). A previously activated sample of
PtNi/SBA-15 oxidized in O2 at 673 K shows an intense
whiteline at about 11568 eV in Pt L3 XANES spectrum (Figure
5c) and a significant Pt−O contribution at about 1.7 Å in the
corresponding FT-EXAFS spectrum (Figure 5d). After
activation in H2 at 673 K, the intensity of the white line peak
decreases markedly, with amplitudes close to that of Pt foil (a
metallic state). The amplitude in the FT-EXAFS spectrum
corresponding to Pt−O bonding also decrease markedly, being
replaced by spectroscopic features associated with Pt−metal
bond(s) (in the range of 1.6−3.2 Å). These features reveal Pt−
M interactions at shorter distances compared with the Pt−Pt
peak in Pt foil, a perturbation consonant both with bond strains
associated with the small particle sizes present in the activated
state of PtNi/SBA-15 catalyst as well as the formation of
(shorter) Pt−Ni bimetallic bonds (further supporting inter-
pretations of well-defined bimetallic habits being evidenced in
DRIFTS data and in Ni edge EXAFS data). Under the active
condition of the rWGS reaction, the Pt L3-edge changes in
some ways as might be associated with a more oxidized sample,
notably the increase seen in the Pt “whiteline” intensity. These
changes are associated with perturbations due to the adsorption
of species in the operando state at Pt surface sites in the NPs
(agreeing with the evidence of adsorption-based bonding
changes deduced from the Ni K-edge data). The changes
seen in the M−M bond distances (notably for the
homometallic Pt bonds, Table 1) suggest a pronounced
operando sensitivity is evidenced in the bonding states of Pt
within the NPs.
The EXAFS part of the X-ray absorption spectra provides

more explicit information on the atomistic features of the
structural transformations discussed above. In particular, the
identities of, distances to, and numbers of nearest neighbors can
be quantitatively determined based on a model that includes
the most important scattering paths (Table 1). We start first
with a consideration of the first shell coordination numbers of
the metal−metal bonding present to deduce information
related the size and arrangement of atoms in the NPs.20 To
address the possibility of alloy speciations, we explicitly
considered several models that include scattering paths for
both homo- and heterometallic bonding of Ni and Pt atoms.
The EXAFS analysis is simplified in this case in consequence of
the sample characteristics revealed by the STEM data and the
EDX mappinga highly uniform spatial distribution of NPs
and the likely more complex dispersion of Ni associated with its
competing formation of a Ni-silicate phase (vide supra).4,32,56

We start by noting that the signals from NP-associated (i.e.,
metallic) Ni atoms and those covalently bonded within the
silicate phase are entwined within the ensemble average XAS
data. Below, we describe an analytical model that makes it
possible to quantify the Ni distribution present within this
heterogeneous speciation and the atomic/electronic features of
its bonding.
The method used here is one based on known bonding

constraints within two limiting phases: (a) a narrow size
distribution of bimetallic Pt/Ni NPs and (b) a Ni-only metal

silicate. The quantitative fits show that metallic states involving
homometallic Ni−Ni bonding are not present in the operando
state of the PtNi/SBA-15 catalyst. As shown in Table 1, the
M−M bonds are comprised predominantly of Pt−Pt and Pt−
Ni bonding interactions. The known Ni−Si coordination
number (4) in a pure nickel phyllosilicate (a TOT-type
structure with low metal content being thermodynamically
preferred after calcination)57 allows the molar fraction of Ni
present in the silicate phase to be calculated from the measured
Ni−Si coordination numbers (Table 1), following a method
described previously in the literature.58 The fractions so
deduced are (2.3/4) ≈ 58% and (1.7/4) ≈ 43% in the
hydrogen and the rWGS regimes, respectively. The fractions of
Ni atoms in the nanoparticle phases are, therefore, 42% and
57%, respectively. Given that Ni atoms in the phyllosilicate are
octahedrally coordinated by oxygens atoms, the Ni−O
contributions can be further differentiated, albeit qualitatively
given the relative uncertainties involved, as to whether they
originate from silicate or other forms of Ni (i.e., Ni-adsorbate)
bonding. The latter speciations are considered in the section
that follows.
The “specific” coordination numbers (N in NP), pertaining

to the M−M bonds present in the NP phase, are shown in
Table 2. These data reveal that the metallic bonding states are

in fact quite stable (subject to only modest perturbations, in the
operando conditions of the rWGS reaction). The M−O
bonding states are more sensitive. Under reducing conditions
(H2/673 K), the number NNi−O in the silicate phase (6 × 58%
≈ 3.5 ± 1.5) agrees well with the overall NNi−O of 3.7 ± 0.6
(Table 1), indicating that most of the oxidized Ni atoms are in
the silicate, and Ni in the NPs is predominantly reduced. The
number of the Ni−O bonds in the nanoparticle in the rWGS
conditions is, however, significant (as 6 × 43% ≈ 2.6 ± 1.2 is
substantially smaller than the experimentally measured value of
4.6 ± 0.8, Table 1).
A semiquantitative schematic model was developed to help

visualize the structures deduced from the above EXAFS/
XANES analyses (Figure 6). The details of the modeling are
described in the Supporting Information. This model shows
that the bimetallic NPs can be well described as a truncated
cuboctahedron with its (111) plane attached to the supporta
relatively stable and frequently seen geometric motif for
supported FCC metal NPs.36,59,60 More specifically, the
model is one comprising an intermetallic structure derived
from the AB3 type stacking motif (L12) as a variation of the
simple FCC structure. The composition in this model,

Table 2. Coordination Numbers of Different Pairs in Each
Phase (Silicate and Nanoparticle), Given Together with the
Results for the Nanoparticle Model That Gives Best
Agreement with the Experimental Dataa

regime bond NP (experiment) NP (model)

H2 at 673 K Ni−Pt 4.9 4.8
Pt−Ni 2.1 2.6
Pt−Pt 6.0 5.5

rWGS at 673 K Ni−Pt 4.3 4.8
Pt−Ni 2.5 2.6
Pt−Pt 6.2 5.5

aExperimental values for the NPs are obtained by correcting the
results obtained in Table 1 by the fractions of Ni atoms in the NP
phase, as described in the text.
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however, is not the same as that of the bulk intermetallic phase.
Here, as a consequence of the finite truncation of the ∼1 nm
clusters, Ni atoms reside only at the surfaces of an otherwise
compact Pt core, notably occupying all of the vertex sites. In
this arrangement, all Ni atoms are completely separated by Pt
as is seen in the bulk structure of the Pt3Ni intermetallic
phase.61 This impact of the cluster truncation on composition is
similar to that seen and characterized for both nanometer-scale
β-Pd hydride and fcc Pd6Catomic ratios of Pd/H or Pd/C
perturbed from those comprising their bulk crystalline
forms.62,63 This model comprised of 37 atoms (12 Ni and 25
Pt), with a Ni/Pt ratio of 0.48:1, presents an atomic ratio in the
intermetallic phase and a Ni content in the silicate that match
very well with the experimental results. Most notably, the
particle size estimated by the model ranges from 0.8 to 1.1 nm
(as calculated with and without the vertex Ni), again in
accordance with the characterizations made by STEM.
We tested the stiffness of the model as the best simulation for

the experimental results, exploring all possible isomeric
structures in the system (Figure S7 and Table S4). We
screened the models with the principle constraint that direct
Ni−Ni bonding interactions be excluded. The maximum
possible Ni content is 13 of the 37 atoms in the ∼1 nm
cluster (Figure S5, structure 0). The latter structure has the
symmetry of a truncated crystalline piece of the Pt3Ni primary
cell. From this structure, other models can be derived as a series
of isomeric forms with features very similar to the best-fit
model (Figure 6 and Figure S8). It is possible to decrease the
Ni content further and still deduce models that retain at least
some of the important features seen in the experimental data
(Table S5 and Figure S9). The trends seen, however, are ones
that predict quantitative features of the experimental data less
well (discussions of alternative models are available in the SI,
section 6).
We believe the present data support a thermodynamically

directed phase equilibrium that allocates Ni atoms between Ni
silicate and intermetallic NPs with specific compositions. In
particular, Ni phyllosilicate is very hard to reduce, and its
competitive formation would drive the composition of any
bimetallic clusters off of the stoichiometry used in the synthesis.
The presence of Pt facilitates the reduction of at least some of
the Ni in the sample.56 All the same, this mediation appears to

be limited to forming products adopting a Pt-rich (Pt3Ni-base)
intermetallic structure. It is this structure that shows the much
higher activity and selectivity than either of its monometallic
counterparts.
The most significant operando sensitivity seen during the

rWGS feedstock is that associated with the Ni−O interactions
observed for the bimetallic catalysts. The significant increases
seen in this bonding post activation, after excluding the Ni−O
interactions from Ni silicate moieties, demonstrate a significant
sensitivity of Ni-surface sites to adsorbates formed via the
dissociative adsorption of CO2 (the reported rate-determining
step) during rWGS catalysis.17,64,65 These data, and the stable
retention of the specific proportions of homometallic and
heterometallic bonds in operando conditions, strongly support
the qualitative features of the structural model presented in
Figure 6supported intermetallic clusters presenting a
preponderance of their Ni content at the particles’ interfaces.
It appears most significant that, despite the strong O-adsorbate-
centered interactions seen for the Ni edge of the PtNi/SBA-15
catalyst under reaction conditions, the bimetallic catalyst
exhibits essentially no activity toward the formation of CH4.
The high activity and even higher selectivity of the PtNi/SBA-
15 catalyst illustrate the unique nature of the active sites present
in the bimetallic system relative to its homometallic
comparatorsa structural impact rather than a simple catalyst
size/dispersion effect. The high thermodynamic stability of the
Pt3Ni intermetallic structural motif, which precludes the full
conversion of Ni to a comparatively less active Ni silicate
during activation, is the key constraint underpinning the
selective formation of bimetallic clusters whose specific Ni−Pt
surface sites mediate the dissociative adsorption of CO2 under
operando conditions.

■ CONCLUSIONS

In summary, we demonstrate the preparation and the
characterization of a model subnanometer bimetallic catalyst
with unique morphological and catalytic properties. The results
demonstrate the enhanced activity and improved selectivity is
associated with a specific bimetallic catalyst whose structure is
related to that of a finite nanoscale truncation of a bulk parent
Pt3Ni intermetallic compound. We believe the selective
formation of the latter phase is one related to thermodynamics

Figure 6. Schematic model of a PtNi bimetallic NP on the silica surface with unreduced Ni ions in/on silicates. The bimetallic NP consists of 37
atoms in total with platinum atoms shown in gray and nickel atoms in teal. These 25 Pt atoms and 12 Ni atoms generate an overall composition of
PtNi0.48 in the cluster without Ni−Ni bonding. The model can be regarded as a derived structure of the L12 intermetallic phase (Pt3Ni) in the FCC
lattice category. Note that 27 of 37 atoms are accessible for gas molecules, and there are only three atoms completely separated from any interfaces.
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of phase equilibria with a metal silicate that precludes the
formation of more Ni-rich intermetallics during the operando
conditions of rWGS catalysis. The proposed intermetallic
structure for these ∼1 nm sized supported clusters, as
illustrated schematically in Figure 6, presents a surface/
interfacial speciation of the Ni in which only heterometallic
Pt−Ni interactions are presentan atomic arrangement within
the catalytically active bimetallic sites that affords exceptionally
high activities and selectivity in catalysis.
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