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Abstract

Si0,-supported Ni phosphide catalysts are highly active toward the non-oxidative coupling of methane (NOCM) reaction, and their catalytic activity is strongly
dependent on their Ni:P ratio. We analyzed Ni phosphide catalysts using X-ray absorption fine structure (XAFS) to elucidate the structure-catalytic activity
relationship. Because only Ni,P was available as a reference material, we calculated the theoretical XAFS based on the reference crystal structures using the
FEFF program and compared them with the experimental spectra of Ni phosphide catalysts. We demonstrated that catalysts with Ni to P ratios of 1:1, 2:1, and
3:1 consisted mainly of the Ni,P, Ni;,Ps, and NisP, respectively. We found that Ni,P exhibited the highest activity toward NOCM because of its optimum
balance of C—H cleavage activity and coke formation. This analysis demonstrated that the theoretical XAFS simulation could be used to identify the structure

of supported catalysts based on the crystal structure of reference compounds.
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1. Introduction

Transition-metal Ni phosphides have attracted much attention
as highly active catalysts for hydrodesulfurization (HDS) (Oyama,
2003; Oyama et al, 2009; Rodriguez et al., 2003),
hydrodenitrogenation (HDN) (Oyama, 2003; Oyama et al., 2009),
hydrodeoxygenation (HDO) (Cho et al., 2014; Iino et al., 2019;
Zhao et al., 2011), hydrogen evolution reaction (HER) (Hu et al.,
2020; Liu and Rodriguez, 2005; Moon et al., 2015; Popczun et al.,
2013; Vij et al., 2017), dehydrogenation of cyclohexane (Li et al.,
2014), the water-gas shift (WGS) reaction (Liu et al., 2009), water
splitting (Menezes et al., 2017), and hydrodechlorination (Liu et al.,
2008).

Methane (CHa4) is the main ingredient in natural and shale gases.

The efficient conversion of CH4 to higher hydrocarbons (C2Ha,
C2Hs, and CeHs) as feedstock is a desirable catalytic reaction for
CHzs as a petroleum alternative (Kondratenko et al., 2017; Wang et
al., 2017). Non-oxidative coupling of methane (NOCM) reactions
have attracted intensive interest for converting CHs to higher
hydrocarbons (Borkéd and Guczi, 2006; Soulivong et al., 2008; Xu
and Lin, 1999). Yamanaka and coworkers found that SiO»-
supported Ni phosphide binary catalysts with a Ni to P ratio of 1:1
exhibited the highest catalytic performance for NOCM among
various NLX (X = various elements) compounds (Dipu et al., 2018,
2020, 2021). In a previous study, we investigated the structure of
Ni phosphide catalysts by analyzing SiO2-supported Ni phosphide
compound catalysts using X-ray absorption fine structure (XAFS)
(Al Rashid et al., 2020).

XAFS is classified into two energy regimes: X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS). XANES is the structure in the X-ray absorption
spectrum near the edge up to 50 eV region. EXAFS refers to the
oscillation that appears 50 eV or more above the X-ray absorption
edge. EXAFS arises from the interference between outgoing

photoelectrons and singly scattered electrons (Iwasawa and
Asakura, 2017). EXAFS analysis provides details about the local
structure, such as the coordination number and bond length.
EXAFS data are usually analyzed by curve fitting (CF) (Teo et al.,
2014). Although EXAFS is a well-established technique, it suffers
from several drawbacks. First, the signals are damped quickly at
500-1000 eV if the sample is highly disordered or if the
surrounding atoms are low-Z elements. Second, it can only provide
one-dimensional bonding information. Third, the amount of
information is limited by Nyquist theory in the CF analysis (Kido et
al., 2020; Stern, 1993). Consequently, a straightforward analysis of
complex systems is difficult.

Ni phosphides have different phases: NisP, Nii2Ps, Niz2P, NisPa,
NiP, NiP2, and NiP; (Massalski et al., 1990; Ren et al., 2007).
These compounds have complicated structures with different Ni
and P sites and different Ni-P and Ni—Ni bond lengths, as shown in
Figure S1(a). For example, the two different types of Ni sites in
NizP have different Ni-P and Ni—Ni bond lengths (Figure S1(b))
(Bando et al., 2012, 2011; Kawai et al., 2003; Wada et al., 2012a,
2012b; Yuan et al., 2015; Contreras-Mora et al., 2018). In our
previous two-shell fitting EXAFS analysis of Ni phosphide NOCM
catalysts with Ni:P ratios of 1:1, 2:1, and 3:1, we found that the Ni—
P and Ni-Ni bond lengths differed depending on the Ni:P ratio
(Table S1). The Ni—Ni bond length decreased with increasing Ni:P
ratio. Interestingly, we found that Ni phosphide catalysts on SiO2
with Ni:P = 3:1 had a shorter Ni-Ni bond length (Rnini = 2.45 A)
than that in Ni foil (Rxini = 2.48 A). However, analysis by CF
could not easily specify the structures. By comparing the results
with those for NizP reference compounds, we deduced that the Ni
phosphide with Ni:P = 1:1 had the NizP structure. However, the
structure of other Ni phosphide catalysts with Ni:P ratios of 2:1 and
3:1 was difficult to determine because of a lack of appropriate
reference compounds.



In the near-edge region, strong and characteristic XANES
signals appear. XANES occurs because of multiple scattering or
transitions to empty bound states (Ankoudinov, 1996; Gunter et al.,
2002). XANES analysis is a powerful technique for investigating
the local structure of complex systems because it is more sensitive
to  three-dimensional  structures and  electronic  states
(Koningsberger et al., 1988). Because theoretical calculations using
the FEFF program have enabled us to reproduce the X-ray
absorption fine structure spectra in both the XANES and EXAFS
regions (Bosman and Thieme, 2009; Rehr and Albers, 2000), we
attempted to analyze the structure of Ni phosphide catalysts by
comparing with the theoretical XANES and EXAFS spectra of
reference compounds based on their crystal structures instead of by
comparing with their experimental XANES and EXAFS spectra. In
the present work, we carried out structural analyses of Ni
phosphide catalysts on SiO2 with initial Ni:P ratios of 1:1, 2:1, and
3:1 using theoretical models without the use of experimental
reference compounds.

2. Experimental

SiO2-supported Ni phosphide catalysts (Ni-P/SiO2) with
different Ni and P ratios of 1:1, 2:1, and 3:1 were prepared from
Ni(NO3)2'6H20 and (NH4)2:HPO4 precursors by a conventional
impregnation method. The preparation details were available
elsewhere (Dipu et al., 2018). The samples are denoted by their
initial Ni:P ratio; for example, the notation Ni-P/SiO2 (Ni:P = 1:1)
indicates that the molar ratio of Ni to P was 1:1.

X-ray absorption fine structure (XAFS) spectra were recorded at
the BL9C beamline of the Photon Factory (PF: 2.5 GeV, 450 mA)
at the Institute for Materials Structure Science (KEK-IMSS-PF).
The X-rays were monochromatized by a Si(111) double crystal and
were focused by a Rh-coated bent cylindrical mirror. The higher
harmonics were rejected by the mirror. The Ni K-edge data were
collected in a transmission mode. The incident and transmitted X-
rays were detected by 100% N2 gas-filled and (15% N2 and 85%
Ar) mixed-gas-filled ionization chambers, respectively. The
EXAFS analyses were carried out using the REX2000 software
(Rigaku Co) (Asakura, 1996). Fourier transformed range was 3-16
A for the experimental and theoretical data analysis.

The theoretical XANES and EXAFS spectra were calculated
using the FEFF8 code (Zabinsky et al., 1995), which uses self-
consistent multiple scattering with a muffin-tin potential (Rehr and
Albers, 2000). For the exchange-correlation potential, the Hedin—
Lundqvist complex potential was used to obtain fine spectra with a
typical full-potential multiple scattering (FMS) radius of 5.0 A for
theoretical XANES calculations. Interestingly, a smaller FMS
radius of 3.0 A gave broad spectra, whereas the 5.0 A FMS radius
calculation sharpened the peak features (Figure S2). The
parameters used for the XANES calculations are listed in Table S2.
The goodness of fit was defined as R-factor(R (%)) given by

_ o) _ i (Xeat(ki)=Xobs ki)’

R — factor(%) = B C— Ctonn k)’ x 100,
where y,ps(k;)and x4 (k;) are the experimental and the calculated
EXAFS oscillations, respectively.

3. Results and Discussion
Figure 1 compares Ni K-edge XANES, inversely Fourier

Transform (IFT) and Fourier Transform (FT) of the NizP reference
sample with the FEFF8-calculated theoretical spectra. The

experimental and theoretical XANES spectra of Ni2P show the
same three features (labeled A, B, and C in Figure 1).
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Fig. 1. a) Comparison of experimental and theoretical Ni K-edge
XANES spectra of Ni,P; b) comparison of experimental (solid line) and
theoretical Ni K-edge EXAFS (red broken line) spectra of Ni,P; ¢)
corresponding Fourier transform.

To estimate the systematic error, we compared the peak
positions in the experimental and calculated Ni2P spectra. The
differences between the experimental and calculated peak energies
were 0.0, —0.4, and 0.0 eV for features A, B, and C, respectively
(Table 1).



Table 1

Experimental and theoretical peak positions in XANES of Ni,P.
Ref. Ni,P (eV) FEFF8 Ni,P (eV) AE (eV)

A 8332.7 8332.7 0.0

B 8339.7 8340.1 —0.4

C 8354.7 8354.7 0.0

Thus, the experimental and calculated peak positions coincide
to each other within +0.4 eV. Peaks B and C were broadened in the
experimental XANES spectrum. Our observation of peak
broadening with a smaller FMS radius in the FEFF calculation
(Figure S2) suggests that the broadening may arise from the shorter
coherence length of photoelectrons in the Niz2P crystal. Notably,
however, the peak position was independent of the FMS radius.
Thus, we herein concentrate mainly on the peak positions in the
comparison of the experimental and calculated data.

We also used the FEFF8 program to carry out an EXAFS
simulation based on the NizP crystal structure. The simulation well
reproduced the experimental data for NiP (Figure 1 (b)). This
approach differs from the CF method in that the simulated EXAFS
spectrum was calculated based on the coordinates of all atoms (Ni
and P) without any adjustable parameters except the amplitude
reduction factor (S3) and the Debye—Waller factors (¢%), which had
been optimized. By contrast, in the CF analysis, eight parameters
were optimized (coordination number (CN), bond distance (R),
Debye-Waller factor (62), and edge-shift (AE) for both Ni-Ni, and
Ni—P bonds). Although the CF analysis gave much better fitting
results (0.5 % in CF vs. 5.8 % in the EXAFS simulation as shown
in Table S3), the obtained parameters were not directly related to
the real structure, and further interpretation was required. The
FEFF simulation approach based on the crystal structure enabled us
to elucidate the catalyst structures, although the goodness of fit was
worse. We attempted to predict the structures of Ni-P/SiO2 with
different Ni:P ratios in a similar manner.
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Fig. 2. Comparison of Ni K-edge XANES spectra for a) Ni-P/SiO,
(Ni:P = 1:1) (black), b) FEFF Ni,P (red), ¢c) FEFF NiP; (blue), and d)
FEFF NiP (pink).

Figure S3 shows XANES spectra of Ni-P/SiO2 with Ni:P ratios
of 1:1, 2:1, and 3:1; the spectra show three different peaks (denoted
A, B, and C) at different energy positions for Ni-P/SiO2 (Ni:P =
1:1) and (Ni:P = 3:1). By contrast, the Ni-P/SiO2 (Ni:P = 2:1)

spectrum shows four peaks (A, B, C, and D). Figure S4 shows the
FEFF-calculated theoretical XANES spectra of NiP3, NiP2, NiP,
NisPs, Niz2P, Ni2Ps, and NisP. Figure S5 shows details of the peak
energies for all of the experimental and theoretical Ni K-edge
XANES spectra. The calculated XANES spectra for different Ni
phosphides show three peaks, whereas the NiP2 and Nii2Ps spectra
show four peaks. We observed a pre-edge peak (denoted as A) in
all of the theoretical XANES spectra and assigned this peak to s—d
transitions. Its intensity depends on the degree of p—d hybridization,
which is higher for a tetrahedral structure (Oyama et al., 2009).
Figure S6 shows overlapped theoretical XANES spectra in the pre-
edge region around peak A. Peak A decreased in intensity with
increasing Ni:P ratio. However, a tetrahedral structure was not
observed in NiP3, NiP2, or NiP. Thus, the pre-edge peak A was not
a direct indicator of the presence of a tetrahedral structure in the Ni
phosphide compounds.
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Fig. 3. a) Comparison between theoretical Ni,P (red broken line) and
experimental EXAFS spectra of Ni-P/SiO, (Ni:P = 1:1) (black line); (b)
corresponding Fourier transform.

Figure 2 shows the Ni K-edge XANES spectrum of Ni-P/SiOz
(Ni:P = 1:1), together with those of NizP, NiP2, and NiP calculated
using FEFFS. The experimental XANES spectrum of Ni-P/SiO2
(Ni:P = 1:1) shows three main peaks (A, B, and C). The Ni K-edge
peak pattern in the theoretical XANES spectrum of the reference
Ni2P compound agrees with the experimental spectrum of Ni-
P/SiO2 (Ni:P = 1:1). Peaks A, B, and C in its theoretical XANES
spectrum appeared at positions corresponding to Ni-P/SiO2 (Ni:P =



1:1): 8332.7, 8339.7, and 8354.7 eV (Table S4). The theoretical
XANES spectra of the other reference compounds show peaks at
different positions, as summarized in Table S4. These results
suggest that Ni-P/SiO2 (Ni:P = 1:1) had predominantly the Ni2P
structure. These results agree with our previous results, where we
analyzed EXAFS spectra using a conventional CF method (Al
Rashid et al.,, 2020). In this previous studies, two waves
corresponding to Ni-Ni and Ni-P bond lengths were observed
(Table S1), although Ni2P had a more complex structure with two
different Ni sites, resulting in two different Ni-P and two Ni—Ni
bond lengths for each site (Figure S1(b)). As previously mentioned,
the Ni—P and Ni-Ni bond lengths obtained by the CF analysis did
not directly correspond to the actual structure. In many cases, it was
impossible to perform a CF analysis for all bonds because of the

Nyquist limitation of the number of fitting parameters (Stern, 1993).
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Fig. 4. Comparison of Ni K-edge XANES spectra: a) Ni-P/SiO, (Ni:P =
2:1) (black line), b) FEFF Ni;,Ps (red line), ¢c) FEFF NisP, (blue line),
and d) FEFF Ni,P (pink line).

Here, we calculated the EXAFS oscillation based on the NixP
crystal structure and compared the spectrum with that of the Ni-
P/SiO2 (Ni:P = 1:1) catalyst in k- and R-spaces, as shown in Figures
3 (a) and (b). We found good agreement between the experimental
and calculated spectra. The R-factor was 4.0 %. In this analysis, we
used an SZ of 0.9 and ¢® values of 0.009 and 0.0095 A2 for Ni—P
and Ni—Ni bonds, respectively. By theoretical approaches, we
concluded that the Ni-P/SiO2 (Ni:P = 1:1) consisted mainly of the
NizP structure, consistent with a previous report (Al Rashid et al.,
2020). We applied the same methods to the other Ni phosphide
catalysts.

Figure 4 shows a comparison of the experimental and
theoretical XANES spectra of Ni-P/SiO2 (Ni:P = 2:1). Four peaks
(A, B, C, and D) appear in the spectra. The experimental spectrum
agrees well with the theoretical Ni K-edge XANES spectrum of
Nii2Ps (see also Table S5). For this composition, the energy
differences between the experimental and theoretical peak positions
are all within £0.4 eV. The theoretical XANES spectra for other
compositions show larger deviations in peak positions from the
experimental spectrum. Consequently, we concluded that the
experimental spectrum was consistent with the phase Nii2Ps.
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Fig. 5. a) Comparison between theoretical Ni;,Ps (red broken line) and
experimental Ni-P/SiO, (Ni:P = 2:1) (black line) EXAFS spectra, and
b) corresponding Fourier transform.
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Fig. 6. Comparison of Ni K-edge XANES spectra: a) Ni-P/SiO, (Ni:P =
3:1) (black line), b) Ni;P FEFF (red line), ¢) Ni,P FEFF (blue line), and
d) Nij,Ps FEFF (pink line).

We then calculated the EXAFS spectrum based on the Nii2Ps
crystal structure. Figure 5 (a) compares the experimental EXAFS
spectrum of Ni-P/SiO2 (Ni:P = 2:1) with the theoretical spectrum of
Nii2Ps, along with the corresponding FTs. The Fourier peak
positions correspond well with each other (Figure 5(b)). The SZ



factors for Ni-P and Ni-Ni were both fixed at 0.9, and the &>
factors were fixed at 0.007 and 0.0075 A2, respectively. The R-
factor was 10.0%.

Figure 6 shows a comparison of the experimental XANES
spectrum of Ni-P/SiO2 (Ni:P = 3:1) and the calculated spectra of
three Ni-rich reference compounds. The XANES structure was
immensely broad in the experimental data. We checked the second
derivatives to confirm the presence of three peaks (Figure S7).
Consequently, we observed three peaks (A, B, and C) in the
spectrum of Ni-P/SiO2 (Ni:P = 3:1). The peak positions
corresponded well with the peak positions in the theoretical NizP
spectrum (Figure 6 and Table S6).
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Fig. 7. a) Comparison between theoretical Ni;P (red broken line) and
experimental (black line) EXAFS spectra of Ni-P/SiO, (Ni:P = 3:1)
(black line); b) corresponding Fourier transforms.

We simulated theoretical EXAFS spectra based on the NisP
crystal structure. The SZ and o2 values for Ni-P and Ni-Ni were set
at 0.9 and 0.009 A2, respectively. Figure 7 shows the theoretical
EXAFS spectra for the NisP structure, the experimental EXAFS
spectra for Ni-P/SiO2 (Ni:P = 3:1), and their corresponding FTs.
We found that the calculated EXAFS data successfully reproduced
the experimental data. The R-factor was 7.2 %. In particular, we
observed a single peak in the FT of the Ni-P/SiO2 (Ni:P = 3:1)
spectrum and the Ni3P spectrum (Figure 7 (b)). Thus, we confirmed
the formation of the NisP phase in Ni-P/SiO2 catalysts with an
initial Ni:P ratio of 3:1.

The structures of Ni-P/SiO2 with Ni:P ratios of 1:1, 2:1, and 3:1
were identified as Ni2P, Nii2Ps, and NisP, respectively, based on
the theoretical FEFF calculations of their XANES and EXAFS
spectra. In the case of Ni-P/SiO2 samples with Ni:P = 1:1 and Ni:P
= 2:1, the Ni:P ratio in the precursor was greater than the Ni:P
ratios in the resultant Ni2P and NizPs because, during the
preparation processes under reductive conditions at high
temperature, P was volatilized as PHs. Additional P atoms were,
therefore, necessary and were supplied by the reduction of
coexisting PO4 (Bando et al., 2011). NizP lost more P than Nii2Ps,
and NizPs lost substantially more P than NisP. The presence of
more Ni might have prevented the loss of P from the sample due to
the Ni adsorption ability which decreases with the increase of P
(Kiskinova and Goodman, 1981).

In these analyses, we only used the theoretical reference
XANES and EXAFS spectra calculated by FEFF. By comparing
the experimental and theoretical XANES data for Ni2P, we
observed that the experimental XANES peaks were broadened and
thus we concentrated on the peak position energy. We found that,
even if the structures of Ni phosphide compounds were
complicated, we could predict an unknown structure by comparing
the experimental data with the theoretical XANES and EXAFS data
without recording the spectra of the corresponding reference
compounds experimentally.

Table 2

Nickel-Nickel bond distances of various nickel phosphide catalysts.

Compound Rni-Ni - RNi-NiH ) RNi-Ni
Name (Shortest)CF"a (Shortest)™"  (Average)

A A A

NiP 2.62+0.02 2.61 2.65

Ni2Ps 2.52+0.02 2.53 2.58

NizP 2.45+0.02 2.44 2.60

2 Al Rashid et al., 2020; ® Ren et al., 2007

In the case of NOCM reactions, Ni-P/SiO2 (Ni:P = 1:1)
exhibited the highest catalytic performance among the investigated
Ni phosphide catalysts. The Ni-P/SiO2 (Ni:P = 1:1) structure
corresponded to NizP. More Ni-rich phosphide compounds such as
Nii2Ps and NisP exhibited lower activity. Pure metallic Ni
efficiently activated the C—H bond in CH4 and decomposed the
CHa to coke, which poisoned and deactivated the Ni surface. In the
crystal structure of NizP, the shortest Ni-Ni bond length is 2.61 A
(Table 2). In Ni2Ps and NisP, the shortest Ni-Ni bond lengths are
2.53 A and 2.44 A, respectively. These shorter bond lengths might
have led to the higher activity for C—-H bond cleavage in CH4 and
the formation of coke that suppressed the catalytic activity. A
higher P content increases the Ni—Ni bond length, which decreases
Ni activity. Thus, an appropriate Ni:P ratio provides a good balance
between CH4 activity and preventing coke formation during
NOCM reactions. The Ni2P/SiO2 catalyst had a suitable Ni:P
balance that activated the large amount of methane to the methyl
radical than the Nii2Ps/SiO2 and Ni3P/SiO2 and consequently form
ethane, ethylene, benzene, and so on (Dipu et al., 2018).

Interestingly, a CF analysis of Ni—P compounds with Ni:P =
2:1 and Ni:P = 3:1 gave Ni-Ni bond lengths of 2.52 and 2.45 A
(Table 2), which agreed well with the shortest values for Nii2Ps and
Ni3sP. This good correlation is attributed to the fact that the EXAFS
CF analysis is more sensitive to the rising part of the radial
distribution curve or the shortest bond length (Koningsberger et al.,



1988). When we compared the average Ni—Ni bond length for each
crystal structure (Table 2), we could not establish a relationship
between bond length and catalytic activity. Further theoretical
investigations are necessary to clarify this.

4. Conclusions

In the present work, we analyzed Ni K-edge XANES and
EXAFS spectra of Ni phosphide catalysts and determined the
crystal structure by comparison with theoretically calculated
XANES and EXAFS spectra. The catalytic activity of SiOz-
supported Ni phosphide catalysts in NOCM followed the order
NisP < NinePs < NizP. The theoretical XANES and EXAFS
simulation approach predicted the local structure of unknown
supported metal catalysts with complex structures. This approach
may open a new way to reveal the complex structure of
heterogeneous catalysts.
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