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ABSTRACT: X-ray photoelectron spectroscopy (XPS) is a powerful and popular surface characterization technique, and the
measured shifts in the core electron binding energies are sensitive to the chemical structure and local environment of the surface
species. C 1s binding energies were calculated with density functional theory (DFT) for 17 structures including eight well-
characterized structures on a Co(0001) surface and nine on a Pt(111) surface, while B 1s binding energies were calculated for six
well-characterized structures and compared with experimental values. DFT calculations describe the 2.8 eV variation in the C 1s
binding energies on Co surfaces, the 4.2 eV variation in the C s binding energies on Pt surfaces, and the 5.5 eV variation in the B
1s binding energies in the test sets with average deviations of 85, 73, and 53 meV, respectively. The shift in the C 1s and the B 1s
binding energies can be correlated with the calculated charges, though only within homologous series. To illustrate how binding
energy calculations can help elucidate catalyst structures, the nature of the resilient carbon species deposited during Fischer—
Tropsch synthesis (FTS) over Co/y-Al, O catalysts was studied. The catalysts were investigated using XPS after reaction, and the
measured C 1s binding energies were compared with DFT calculations for various stable structures. The XPS peak at 283.0 eV is
attributed to a surface carbide, while the peak at 284.6 eV is proposed to correspond to remaining waxes or polyaromatic carbon
species. Boron promotion has been reported to enhance the stability of Co FTS catalysts. Again, the combination of XPS with
DFT B 1s binding energy calculations helped identify the nature and location of the boron promoter on the Co/y-Al,O; catalyst.

1. INTRODUCTION measurements®’ and in situ studies®® have recently appeared.
With those improved measurement techniques, modeling-based
analysis tools become important to help interpret the spectra.

Chemical shifts in the core-level BEs have been interpreted
as initial-state effects originating from changes in the electro-
static interactions between the core electrons and the valence
electrons and final-state effects arising from charge rearrange-

Since its introduction in 1958," X-ray photoelectron spectros-
copy (XPS) or electron spectroscopy for chemical analysis
(ESCA) has become a popular surface characterization
technique in heterogeneous catalysis.”> In XPS, a core-level
electron is excited by X-rays, and the kinetic energy of the
collected electrons is measured. From an energy balance, the

binding energy (BE) of the core-level electrons can be mentloil?zd r.e¥axation occurring in response  to the. core
determined. It has been found that core-level BEs are highly hole. Initial-state effects dominate the chemical shifts in
sensitive to the chemical state and the environment of the many cases; however, final-state effects are not always negligible
surface species, and the chemical shift in the BEs can be used to and may contribute positively or negatively."”*"* Various
identify the structure and the binding site of the surface species. factors that contribute to initial-state chemical shifts were
Moreover, the relatively small penetration depth of the discussed in by Methfessel and Fiorentini** and by Weinert and
photoelectrons makes XPS surface sensitive.* The introduction

of synchrotron-based XPS has reduced acquisition times to a Received: September 10, 2012

few milliseconds per spectrum and enhanced the energy Revised:  December 10, 2012

resolution to better than 0.1 eV.’ In addition, depth-profile



Watson'* and include interatomic charge transfer, changes in
the reference Fermi-energy level, intra-atomic charge transfer,
charge transfer from the local environment to the atom, and
redistribution of charge due to bonding and hybridization.
Charge transfer is hence often invoked to interpret shifts in the
core-level BEs.'' ™' Chemical shifts are found to correlate quite
well with charges for gas-phase molecules'' and for some
bimetallic systems,'>'® but the correlation has been debated for
bulk alloys and for adlayer systems.'* In practice, chemical
shifts result from a complex combination of various factors,
which often partially cancel.'*~** This makes it challenging to
quantitatively interpret chemical shifts.

Density functional theory (DFT) has become an imgortant
tool to analyze heterogeneous catalytic reactions.'”'® In
particular, the relative stability of various possible reaction
intermediates and the activation barriers of surface reactions are
calculated routinely. In addition, calculated vibration spectra
can help identify the structure and the adsorption site of surface
species [e.g, refs 19—21]. Chemical shifts have also been
calculated from first principles.m’lz_15’22_25 For example,
Takahata and Chong® calculated core-level BEs for a test set
of 59 small gas-phase molecules with an average deviation of
160 meV. Core-level BE calculations have been used to analyze
the surface structure and the nature of the surface species in
catalysis. For example, Todorova et al.** identified the structure
of a strained PdO(101) layer on Pd(100) using DFT
calculations in combination with calculated O 1s BEs and
scanning tunneling microscopy images. Bianchettin et al.*®
combined synchrotron-based XPS with calculated Rh 3d;,,
surface core-level shifts to investigate the Rh(100) surface
reconstruction induced by oxygen. Kresse and Kohler'
compared calculated vibration frequencies and Rh 3d;, surface
core-level shifts with experimental values to confirm the
preferred top adsorption site of CO on Rh(111). With the
development of fast and high-resolution synchrotron-based
XPS techniques, calculated chemical shifts are expected to
become an important tool to analyze surface species and surface
structures.

In this paper, we demonstrate that C 1s and B 1s chemical
shifts can be calculated accurately using DFT with the final-
state approximation. Next, we illustrate how such calculations,
in combination with thermodynamic stability calculations, can
help identify the nature of the resilient carbon species that are
formed on a Co/y-Al,O; catalyst during Fischer—Tropsch
Synthesis (FTS)26 and help elucidate the chemical state and the
location of the boron promoter that was found to enhance the
stability of Co catalysts.””

2. COMPUTATIONAL AND EXPERIMENTAL METHODS

Computational Methods. All structures were optimized
using periodic spin-polarized DFT with the Perdew—Burke—
Ernzerhof functional (DFT-PBE)*® as implemented in the
Vienna ab initio simulation package (VASP).***° Plane waves
with a kinetic energy up to 450 eV were used, and the
electron—ion interactions were described by the projector-
augmented wave (PAW) method.**? The structures were
optimized using a conjugate-gradient method until the atomic
forces were less than 0.01 eV/A. A second-order Methfessel—
Paxton scheme with a 0.2 eV smearing width was used to
facilitate the convergence of the electronic structure, and the
energy convergence for the electronic structure was set to 107*
eV. C 1s BEs were computed for several structures. All the
optimized structures and the calculated core-level BEs are

shown in the Supporting Information. We focused our study on
closed-packed Pt(111) and Co(0001) surfaces because they are
the dominant facets for catalyst particles and because most
experimental XPS literature is available for closed-packed
surfaces. On Co(0001), the following species were considered
for a 1/9 ML coverage (the experimental references are
indicated for each structure): CH;CH,O at the hcp hollow
site® and, for comparison, at the less-preferred top site, C,H,
across the bridge site with C in neighboring hollow sites,>* CH
at the hep hollow site,*> CH, at the hep hollow site,*> CH; at
the hcp hollow and at the less-preferred top site, a graphene
overlayer centered at the bridge sites, CCH; at the hcp hollow
site, and carbon atoms at the subsurface octahedral sites, and
CO at the top®® and at the hcp hollow site for a 1/3 ML
coverage. In addition, carbon adsorption at the BS step sites
and a surface p4g clock carbide growing from the step edge26
were calculated. To include a C 1s core-level BE for a surface
p4g clock carbide in the test set, the p4g clock reconstruction
induced by carbon on Ni(100)"? was included. Orthorhombic
bulk cobalt carbide (Co,C) with optimized lattice parameters
of 2.92, 448, and 4.42 A was also evaluated. Graphite was
modeled using the experimental lattice.”” On Pt(111), C 1s BEs
were calculated for the following species for a coverage of 1/9
ML: CH;CH,OH and CH,CO, both at the top site,*® two
configurations of CH;CHO (5'(O) with O at a top site, and
n*(C,0) with C=0 over a bridge site®”), and CH; at the top
site.** Di-o—7 adsorbed C,H,,*" di-o adsorbed and 7-adsorbed
C,H,*"** and CCH, at the fcc hollow site**** were considered
for a 1/4 ML saturation coverage. Two structures were
considered for CO: 1/2 ML with CO at both top and bridge
sites in a p(4 X 2) unit cell™** and a lower 3/16 ML coverage
with CO at the top sites in a p(4 X 4) unit cell.*> For the B 1s
BEs, the following structures were considered: f-rhombohedral
boron*® with an experimental lattice 6parameter of 10.13 A and
angle of 65.2° tetragonal Co,B* with optimized lattice
parameters of 4.98 and 4.28 A, tetragonal Ni,B*’ with
optimized lattice parameters of 4.99 and 4.28 A, rhombohe-
dral-BN*® with exgerimental lattice parameters of 2.50 and 9.99
A, hexagonal-BN* with experimental lattice parameters of 2.50
and 6.66 A, cubic-BN* with an optimized lattice parameter of
3.58 A, and B,0;* with optimized lattice parameters of 4.36
and 8.39 A. In addition, a surface Co p4g clock boride growing
from the step edges, boron at the BS step sites, subsurface
boron, and adsorbed BH with coverage of 1/9 ML at the hcp
hollow site were included.

Hcp Co(0001), fec Pt(111), and fcc Ni(100) surfaces were
modeled as three-layer slabs, where the bottom layer was fixed
at the optimized bulk lattice parameters of 2.49, 3.98, and 3.52
A, respectively. Co step sites were created by removing two
rows of Co atoms from the top layer of a p(2 X 8) hcp
Co(0001) slab.*® A (5 X S x 1) Monkhorst—Pack k-point grid
was used to sample the Brillouin zone for p(3 X 3) unit cells,
while a (5 X 2 X 1) grid was used for larger p(2 X 8) unit cells
and a (3 X 3 X 1) grid for p(4 X 4) unit cells. Repeated slabs
were separated by 12 A to minimize interactions between slabs.
Adsorption energies were converged within 5 kJ/mol with
respect to the vacuum spacing and the k-point sampling.
Increasing the slab thickness from 3 to 5 layers reduced the
carbon adsorption energy at the hollow site on Co(0001) by 7
kJ/mol and the boron adsorption energy by S kJ/mol, while the
C 1s and B 1s BEs changed by less than 60 meV for adsorbed
CH, and BH species. Also for Pt(111), increasing the slab
thickness to five layers changed C 1s BEs for C,H;OH,



CH,;CO, C,H,, C,H,, and CCH; by less than 100 meV.
Therefore, we only report results for the three-layer
calculations.

Core-Level Binding Energy Calculations. In XPS, a core
electron is excited by a beam of photons to create a core hole.
The measured core-level BE is the energy difference between
the initial, unexcited ground-state and the final, core-excited
state. Several schemes have been developed to calculate core-
level BEs using DFT (for example, see Olovsson et al.** for a
detailed discussion) and include the initial-state approximation
where screening of the core hole in the core-excited state is
neglected, the final-state approximation where the core hole is
completely screened, and the transition-state model where
partial orbital occupation numbers are introduced to describe
the excitation process."®”* In this work, core-level BEs were
calculated with the final-state approximation as implemented in
VASP." In the final-state approximation, core-level BEs are
calculated as the energy difference between an unexcited
ground-state calculation and a core-excited-state calculation in
which a specified core electron is removed and an electron is
added to the lowest unoccupied valence state to completely
screen the localized core hole and preserve the charge neutrality
of the system. In the final-state approximation, the resulting
core hole is hence completely screened, as indicated by the
extra charge in the local valence density of states of the core-
excited atom.

Since relative energies are calculated more accurately than
absolute BEs, chemical shifts are calculated rather than absolute
core-level BEs. Core-level BEs are then obtained using an
experimental reference value. Hence, C 1s BEs are calculated
using the C 1s BE of graphite, 284.4 eV,” as the reference,
while the B 1s BE of bulk f-rhombohedral boron, 187.9 ev,®
was used as the reference for the B 1s BEs. With our settings,
the calculated core-level BEs are expected to be numerically
converged within 20—50 meV.'”"® To evaluate the effect of the
unit cell size on the calculated core-level BE, we calculated the
C 1s core-level BE for 1 ML atop CO on Pt(111) by exciting
one C 1s electron in a p(2 X 2) and in a p(3 X 3) unit cell. The
calculated C 1s BE was found to increase by less than 20 meV
when the unit cell size was increased. Finally, Bader charges>>*"
were computed to evaluate the correlation between the
calculated charge transfer and the core-level BEs.!' ™16

Experimental Methods. To illustrate how calculated
chemical shifts can help elucidate catalyst structures, we studied
the nature of resilient carbon species formed on Co catalysts
during FTS and the nature and possible location of a boron
promoter on this catalyst. Co/y-AL,O; catalysts were prepared
by slurry impregnation of a y-Al,O; support with an aqueous
Co nitrate solution, Co(NO;),-6H,0, as described by Tan et
al.*® The Co catalysts were tested during FTS, the conversion
of synthesis gas to long chain hydrocarbons, for 200 h in a fixed
bed microreactor.?® After 200 h, the reactor temperature was
reduced, and the catalyst was removed for characterization
without exposure to air. The nature of the resilient carbon
species remaining on the Co catalyst after careful wax extraction
with hexane was studied with XPS. XPS spectra were obtained
using a Thermo ESCALAB 250 spectrometer with a
monochromatic aluminum anode (Al Ka = 1487 eV) and a
500 mm Rowland circle monochromator to produce a small X-
ray spot with a minimum energy spread. Measurements were
recorded for a 20 eV pass energy, a 0.1 eV kinetic energy step,
and a 0.1 s dwelling time. Energy corrections used the Al 2p
peak of the y-Al,O; support at 74.3 eV. Promotion with small

amounts of boron was found to increase stability of Co catalyst
during FTS.”” To improve the B 1s XPS signal-to-noise ratio,
2.0 wt % boron was introduced to the Co/y-Al,O; in second
slurry impregnation step using aqueous boric acid (H;BO;).”
After reduction in flowing H, at 500 °C for 2 h, the catalysts
were purged with Ar and cooled to room temperature. Then,
the catalysts were characterized by XPS.

3. RESULTS AND DISCUSSION

First, C 1s BE calculations are evaluated for a range of species
adsorbed on Co(0001) and Pt(111). Next, B 1s BEs are
calculated for several well-characterized materials. Finally, core-
level BE calculations are used to help identify the nature of
resilient carbon species formed during FTS and the location
and nature of the boron promoter introduced to enhance the
stability of Co catalysts during FTS.

C 1s Binding Energies for Species on Co(0001).
Experimental C 1s BEs are compared with calculated BEs in
Figure la. In general, the final-state DFT-PBE calculations
capture the 2.8 eV variation in the experimental BEs well when
going from a p4g clock carbide to CO at a top site of
Co(0001). Deviations between experimental C 1s XPS
positions and calculated core-level BEs are typically smaller
than 100 meV, and the average deviation is 85 meV. The largest
deviation is found with the synchrotron-based XPS data for
CH,CH,0 on Co(0001); however, the difference between the
calculated CH, and CH; C 1s BEs of 285.72 and 284.50 eV,
respectively, corresponds well with the difference between the
experimental peaks at 285.9 and 284.6 eV. These deviations
should be compared with a typical energy resolution of about
0.5 eV in standard XPS and of about 0.1 eV in synchrotron-
based XPS.’

To analyze the effect of charge transfer on the variation in
the core-level BEs over the test set, the net Bader charges on
the carbon atoms are plotted against the calculated C 1s BEs in
Figure 1b. As discussed in the literature, charge transfer is often
invoked to analyze chemical shifts."" ~'® Withdrawal of valence
electrons reduces the screening of the nuclear charge by the
valence electrons and hence increases the core-level BEs.
However, other factors such as hybridization and local dipole
moments also affect the chemical shift,"*~'* and the correlation
in Figure 1b seems valid only within homologous series at
similar sites. Indeed, the correlation in Figure 1b is at best
qualitative with a R* value of 0.59. In particular, when moving
from one adsorption site to another, the change in core-level
BE is often smaller than expected from the change in the Bader
charge, suggesting that the change in hybridization is an
important factor as well. The low C 1s BE for p4g carbon on
Ni(100) is found to correspond with the transfer of nearly one
electron from the surrounding Ni atoms to the p4g clock
carbon atom, as also discussed by Martensson and Nilsson.'> A
similar charge transfer was calculated for a p4g clock carbide
formed near the edge sites of Co terraces.”® Also for C,H,, the
low C 1s BE correlates with strong backdonation from
Co(0001) to adsorbed ethyne. Within the CH, series, the
variation in the core-level BE correlates with the carbon charge,
though the variation in the BEs is somewhat larger than
expected from the overall correlation.

To evaluate the sensitivity of the calculated C 1s BEs to the
adsorption site, CO at the hcp hollow site, CHj; at the top site,
and CH;CH,O at the top site were also considered. The
calculated C 1s BE decreases from 286.1 to 285.6 eV when CO
is moved from the top to the hcp site, and the calculated C 1s
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Figure 1. (a) Calculated and experimental C 1s binding energies for
various well-characterized carbon species on Co(0001) and Ni(100).
The adsorption site and the experimental reference are indicated. (b)
Correlation between the net Bader charge on the carbon atom and the
calculated C 1s binding energy.

BE for CO at the hollow site does not agree with the
experimental value of 286.2 eV for a low CO coverage. The
decrease in core-level BE correlates with the lower positive
Bader charge on the carbon atom, which is in turn consistent
with the enhanced backdonation from the Co d-band to the
CO 27* orbitals at the hollow site. CH; is 46 kJ/mol less stable
at the top site than at the hcp site on Co(0001), in agreement
with other theoretical studies.”” The calculated C 1s BE
increases from 285.6 to 286.0 eV when CHj; is moved from the
hcp site to the top site. The increase in core-level BE correlates
with a decrease in the charge density on the carbon atom.
CH;CH,0 binds 71 kJ/mol stronger at the hcp site than at the
top site. The change in adsorption site increases the C 1s BE of
the CH, group by 0.5 eV and of the CH; group slightly less by
0.3 eV. In particular for the CH; group, the agreement with the
experimental value worsens. The increase in the core-level BE is
correlated with a decrease in the Bader charge. However, for
the CH, group the decrease in the Bader charge, 0.7, is larger

than expected from the increase in the C 1s BE, and other
factors again affect the shift in the CH, C 1s BE.

C 1s Binding Energies for Species on Pt(111). To
confirm the accuracy of the C 1s BE calculations for other
surfaces, we considered several well-characterized hydrocarbon
species on a closed-packed Pt(111) surface. C 1s BE
calculations for nine structures are compared with experimental
data in Figure 2a. The final-state DFT calculations capture the
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Figure 2. (a) Calculated and experimental C 1s binding energies for
various well-characterized carbon species on Pt(111). The adsorption
site and the experimental reference are indicated. (b) Correlation
between the net Bader charge on the carbon atom and the calculated
C Is binding energy.

4.2 eV variation in the C 1s BEs for the test set, ranging from
CHj; at the top site to CO at top sites, with an average deviation
of 73 meV. The largest deviation is for CHj; at the top site,
where the calculations underestimate the BE by 270 meV, to be
compared with a typical conventional XPS resolution of about
0.5 eV.

When there are multiple carbon atoms in the structure, they
can be difficult to distinguish by conventional XPS. For a low



ethanol coverage on Pt(111), synchrotron-based XPS was able
to distinguish the CH, and CHj groups, with peaks at 284.8
and 283.7 eV, respectively,*® while a single peak was reported in
an earlier conventional XPS study.*® Both the position and the
difference in the measured BEs are in good agreement with the
calculated values of 284.7 and 283.5 eV, respectively. Also for
CH;CO, two peaks at 2852 and 283.5 eV are separated by
synchrotron-based XPS,*® and both compare well with the
calculated values, 285.1 and 283.3 eV. In a conventional XPS
study, only a single C 1s peak at 283.9 eV was observed for
acetaldehyde on Pt(111), and this peak was assigned to CH,.*
Two stable configurations are found for acetaldehyde on
Pt(111): n'(0) (top) and #*(C,0) (di-c) (Supporting
Information) with a DFT-PBE adsorption energy difference
of only 4 kJ/mol. The calculated C 1s BEs for the CHO and
CH; group in the #*(C,0) configuration are 284.5 and 283.2
eV, respectively, and 286.1 and 284.0 eV, respectively, in the
7'(O) configuration. The calculated CH; C 1s BE for the
7' (O) configuration agrees with the experimental value of 283.9
eV, while the calculated BEs for the #?(C,0) configuration
differ somewhat more. This is consistent with the dominant
7'(O) configuration that has been observed in surface science
studies.”> An important species during hydrogenation and
dehydrogenation reactions on Pt is CCH;. Both synchrotron-
based and conventional XPS studies find a single C 1s peak at
284.1 eV for CCH; on Pt(111), and the two carbon atoms
could not be distinguished.*** This is consistent with the very
small difference in the calculated C 1s BEs of 284.27 and
284.13 eV. Note that for CCH; on Co(0001) the difference in
the C 1s BEs is much larger at 1.0 eV (Table 1).

Also on Pt(111), the calculated C 1s BEs are sensitive to the
adsorption site. For a high 1/2 ML coverage, CO occupies both
the top and the bridge sites in a p(4 X 2) unit cell (Supporting
Information), as shown by low-energy electron diffraction
(LEED)™® and by photoelectron diffraction (PED) studies.** In
synchrotron-based XPS, two C 1s peaks are distinguished at
286.8 and 286.1 eV for this structure. The calculated C 1s BEs
of 286.74 eV for CO-top and 285.96 €V for CO-bridge agree
well with the experimental values. At a lower coverage, CO
occupies only top sites on Pt(111). In particular, for a 3/16 ML
coverage, a C 1s BE of 286.8 eV was measured by conventional
XPS,* in reasonable agreement with the calculated value of
287.03 eV. Two adsorption geometries have been reported for
C,H, on Pt(111), di-c and #. Though di-¢ adsorption is the
most stable structure in the DFT-PBE calculations, both
structures have been identified by high-resolution electron
energy loss spectroscopy (HREELS) and temperature-pro-
grammed desorption (TPD) studies.”* The calculated C 1s BE
for di-c C,H,, 283.38 eV, matches both the 283.2 eV peak
determined by synchrotron-based XPS** and the 283.4 eV peak
determined by conventional XPS for a 1/4 ML C,H,
coverage.*' The calculated C 1s BE for z-adsorbed C,H,,
284.24 eV, does not agree well with those experimental values.

The Bader charges on the carbon atoms are plotted against
the calculated C 1s BEs in Figure 2b. The chemical shifts and
the charges show similar trends, and the correlation is
somewhat better than for hydrocarbon species on Co(0001),
with a R* value of 0.83 (Figure 1b). The lowest C 1s BE in the
test set, CH; on Pt(111), corresponds with the most negative
charge, —0.3. Similarly to Co(0001), there is significant
backdonation to the CH; group, but most charge remains on
the carbon atom rather than flow to the C—H antibonding
orbital. Therefore, the carbon atom is more negative for CH;

Table 1. Calculated Stability under Fischer—Tropsch
Conditions, AG, (500 K, 20 bar), and C 1s and B 1s Binding
Energy for Various Carbon and Boron Species on Co
Surfaces

p4g carbide

Graphene CH at hep CCHs at hep

Structure

284.1 (C)
Calculated C 1s BE 284.5 283.3 283.6
285.1 (CH3)
Stability" -116 -98 =72 -90
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on Pt(111) than for CH; on Co(0001). For unsaturated
hydrocarbons such as C,H, and C,H, there is net charge
transfer to Pt(111), as also reported by Toulhoat et al,** but
charge transfer from the H atoms to the C atoms still results in
a slightly negative charge on the C atoms. For CCHj, the
charges on the C atoms are quite different (0.3e), yet the two C
1s BEs are very similar, again illustrating that charge transfer is
not the only factor determining the core-level shift, and detailed
calculations are needed to correctly interpret measured
chemical shifts.

B 1s Core-Level Binding Energies. To evaluate whether
accurate core-level BEs can also be calculated for other
elements, we included six well-characterized boron species in
our test set (Figure 3a). Experimental XPS data for boron
compounds are somewhat scarcer than for carbon species, and
our test set is more varied than for carbon. In addition, the
range in the experimental data for each structure can be rather
large; for example, reported B 1s XPS peak positions for B,O;
range from 192.0 eV to 193.6 eV.* We have therefore
selected the experimental values that best agree with our
calculated B 1s BEs for Figure 3a. With those data, DFT-PBE
calculations describe the 6.0 eV variation in the experimental
data with an average deviation of 53 meV. The strongest B 1s
BE is calculated for B,Oj; in our test set, consistent with strong
electron withdrawal from the sp, boron atoms by the three
surrounding oxygen atoms. Boron nitride exists in different
crystal structures (Supporting Information). The most stable
form is hexagonal-BN. It has a layered structure similar to



194.0

B,0,151 4 .~

193.0 1
192.0 1

191.0 A 4 c-BNU
 h-BNE
o NBN

190.0 - N 8
.

r-BN

189.0 - .
Co,BU8l "
*
188.0 o
- p-rhombohedral B %!

Measured B 1s binding energy (eV)

187.0 += . . . . . .
187.0 188.0 189.0 190.0 191.0 1920 193.0 194.0

Calculated B 1s binding energy (eV)

194.0
b
s B,0; ¢
o 193.0 4
>
o
B
o 192.0 4
o
g, c-BN
= ] .
.E 191.0
a +* 'BN
£ 1900 - ) h-BN
o Ni,B
= .
2 189.0 -
s
3 Co,B
= .
S 188.0 1 .
p-rhombohedral B
187.0

05 00 05 10 15 20 25 30 35
Net Bader charge on boron atom (e’)

Figure 3. (a) Calculated and experimental B 1s binding energies for
various well-characterized bulk boride structure. Experimental
references are indicated. (b) Correlation between the net Bader
charge on the boron atom and the calculated B 1s binding energy.

graphite, and the boron atoms are sp, hybridized. Rhombohe-
dral-BN also has a layered structure, but with a three-layer
stacking sequence. It is calculated to be 12 kJ/mol BN less
stable than the hexagonal form. The cubic phase, c-BN, has a
structure similar to diamond, with sp; boron atoms. It is
calculated to be 38 kJ/mol BN less stable than h-BN. The
relative B 1s BEs for r-BN and h-BN are correctly predicted,
and the slightly lower B 1s BE for the more stable r-BN
correlates with a more positive Bader charge on the boron atom
(Figure 3b). The higher BE in c¢-BN results from the sp;
hybridization of the boron atom. Indeed, sp; hybridization
moves the valence electrons slightly further from the nucleus,
leading to reduced screening of the nuclear charge. Finally, two
metal borides were considered, Ni,B and Co,B. Both display a
positive chemical shift relative to bulk boron, as already
reported in early XPS studies.*® The positive shift in tetragonal
transition-metal semiborides has been attributed to charge
transfer from boron to the transition metal,”” which is opposite
to the charge transfer in transition-metal carbides (Figure 1b).>

The charge transfer is larger for Ni,B than for Co,B, consistent
with the higher electronegativity of Ni. The net Bader charges
on the boron atoms correlate quite well with the calculated B 1s
chemical shifts for this small test set, as shown in Figure 3b.
Identification of Carbon and Boron Species on
Supported Co Catalysts by Core-Level BE Calculations.
The results in the previous sections suggest that C 1s and B 1s
BEs can be calculated by final-state DFT-PBE with accuracies of
better than 0.1 eV, which is comparable to the resolution of
state-of-the-art synchrotron-based XPS. Moreover, the calcu-
lated chemical shifts are sensitive to the chemical state and
adsorption site of the boron and carbon species and can hence
be used to help identify surface species and catalyst promotors.
Next, we illustrate how such calculations, in combination with
stabilitz calculations and additional characterization techni-
ques,”®”” can help identify the nature of the resilient carbon
species formed on a supported Co catalyst during FTS and the
nature and location of the boron promoter introduced to Co
catalysts to improve their long-term stability during FTS.
Supported Co/y-Al,Oj; catalysts were tested for 200 h during
FTS at 240 °C® Over this period, the catalyst activity
decreased by 30%. Based on temperature-programmed hydro-
genation (TPH) and transmission electron microscopy (TEM)
analysis of the deactivated Co catalysts after 200 h of reaction,
the deactivation is attributed, at least in part, to the formation
of resilient carbon deposits.”® The C 1s XPS spectrum for the
catalyst after 200 h of reaction and after careful wax extraction
is shown in Figure 4a. Deconvolution of the C 1s spectrum
suggests the presence of at least two types of resilient carbon
species, with C 1s BEs of 282.9 and 284.6 eV, respectively. To
help identify those carbon deposits, the thermodynamic
stability under FTS conditions and the C 1s BE were calculated
for various possible carbon species (Table 1). The most stable
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Figure 4. (a) C 1s XPS spectra for a 20 wt % Co/y-Al, O catalyst after
200 h of FTS at 20 bar and 240 °C. (b) B 1s XPS spectra for a 20 wt %
Co/y-AlL, 05 catalyst promoted with 2 wt % boron, after reduction for
12 h in 50 N mL/min H, at 500 °C and at atmospheric pressure.



carbon species are an extended polyaromatic graphene
overlayer and a p4g surface carbide. Surface hydrocarbon
species such as *CH and *CCH; are also found to be
thermodynamically stable and consistent with the Gibbs free
energy of about —105 kJ/mol converted CO for the formation
of long chain alkanes from a synthesis gas reservoir during
FTS.>*** Subsurface carbon and bulk Co carbide (Co,C) are
significantly less stable under these conditions. Based on the
calculated C 1s BEs, the peak at 284.6 eV likely corresponds
with polyaromatic carbon deposits. However, based on the
285.1 eV binding energy calculated for the CHj group in
CCHj;, hydrocarbon waxes remaining on the catalyst after
careful wax extraction might also contribute to this XPS peak.
Note that the C 1s BEs for the two carbon atoms in CCH; are
quite different on Co(0001), while they were similar on
Pt(111) (Figure 2a). This assignment is consistent with the
TPH profile and TEM images.26 The peak at 282.9 eV is
attributed to a carbide phase, either a surface carbide or a bulk
carbide (Co,C). A C 1s binding energy of 283.3 eV is
calculated for a pg4 clock carbide, while a similar value of 283.2
eV is obtained for a bulk carbide structure. Since thermody-
namic calculations show that the formation of a surface carbide
is significantly more favorable, the surface carbide structure is
the most likely candidate for the XPS peak at 282.9 eV. Note
that the 0.4 eV difference is within the range of the resolution
of our XPS measurement (Figure 4a).

The addition 0.5 wt % boron to a 20 wt % Co/y-Al,O5 was
reported to enhance the catalyst stability during FTS without
affecting the maximum activity or selectivity.”” Indeed, after 200
h of reaction, the boron-promoted Co catalyst retained 95% of
its initial activity, while the activity of the unpromoted Co
catalyst decreased by 30%. The origin of this increased stability
was studied with DFT-PBE.>’ The calculations showed that the
presence of a surface cobalt boride near the step edges makes
nucleation of carbon at the step edge unfavorable, which
prevents nucleation and growth of resilient carbon structure.
To investigate the nature of the boron species on the supported
Co catalyst, B 1s XPS spectra were collected. The B 1s XPS
profile for a Co catalyst promoted with 2.0 wt % boron is
shown in Figure 4b. A higher boron loading was used to
improve the XPS signal-to-noise ratio. However, the XPS
profile for a Co catalyst promoted with 0.5 wt % boron is
qualitatively similar.”” For the catalyst with 2.0 wt % boron, the
bulk Co:B atomic ratio determined by inductively coupled
plasma-optical emission spectrometry (ICP-OES) differs by less
than 5% from the theoretical ratio, 1:0.55. The relative
integrated B 1s XPS intensities furthermore show that about
20% of the surface boron species are reduced. In combination
with a Co dispersion of 9.5%, a boron coverage of about 1.1
ML on the Co particles can be estimated for this boron loading.
Lower boron coverages were obtained for lower boron
loadings.”” Deconvolution of the B 1s spectrum suggests the
presence of two boron species, a boron oxide species with a B
1s BE around 191.0 eV, and a reduced form of boron with a B
1s BE around 188.1 eV. The boron oxide species is likely
associated with the y-Al,O; support, since a similar peak was
observed when 2.0 wt % boron was introduced to a y-Al,O4
support without Co.”” Several candidates were considered for
the reduced boron species (Table 1). Based on thermodynamic
stability calculations, a p4g surface boride and a monolayer of
subsurface boron are the most likely candidates. Several BH,
surface species were also considered. BH is the most stable
surface species in this family, and BH is 22 kJ/mol more stable

than adsorbed BHj. Surface BH, decomposes to BH and
surface H during the geometry optimization. A surface boron
atom is also thermodynamically unstable under FTS con-
ditions.>” Since the amount of introduced boron is rather small
for the optimal catalyst with 0.5 wt % boron, and a sequential
impregnation procedure was followed, the formation of a bulk
Co boride (Co,B) seems unlikely. The calculated B 1s BE for
subsurface boron, 187.0 eV, seems too low to correspond with
the XPS peak at 188.1 eV. Based on the XPS peak position and
the thermodynamic stability, a surface boride is therefore the
most likely candidate for the reduced boron species present on
the Co/y-Al,O; catalyst.

4. CONCLUSIONS

X-ray photoelectron spectroscopy (XPS) is a popular surface
characterization technique in heterogeneous catalysis. With the
development of fast, high-resolution synchrotron-based XPS
with in situ capabilities, the importance of XPS is expected to
increase. In this work, we illustrate that DFT-PBE calculations
can help analyze and interpret XPS data. First, final-state DFT-
PBE calculations are shown to predict C 1s BEs for 16 well-
characterized surface species on Co and Pt with average
deviations of 85 and 73 meV, respectively, and B 1s BEs with an
average deviation of 53 meV, which can be compared to the 0.1
eV resolution of synchrotron-based XPS and the 0.5 eV
resolution of conventional XPS. Our study shows that the
accuracy of DFT-PBE core-level BE calculations compares
favorably with conventional XPS and could help distinguish
chemical shifts when there are multiple types of carbon atoms
on the surface, even when they fall within the resolution of
conventional XPS. Next, the nature of the resilient carbon
deposits formed on a Co/y-Al,O; catalyst during FTS was
analyzed by calculating C 1s BEs and thermodynamic stabilities
for various possible candidates. The calculations suggest that
polyaromatic carbon islands and a surface carbide are the most
likely candidates for the resilient carbon species with XPS peaks
at 284.6 and 282.9 eV, respectively. Promotion with small
amounts of boron has been reported to enhance the stability of
Co FTS catalysts. To investigate the nature and location of the
boron promoter on Co catalysts, calculated B 1s BEs for
different possible boron species were compared with the
observed B 1s XPS peak. A surface cobalt boride was found to
be the most likely candidate for the XPS peak at 188.1 eV. The
proposed combination of XPS and core-level BE calculations
provides a powerful technique to analyze the structure of
surface species and to help identify the nature and the chemical
state of catalyst promoters. However, to fully characterize
catalyst materials, this approach should be combined with
complementary characterization techniques such as temper-
ature-programmed reduction/oxidation, X-ray-based character-
ization techniques, and vibrational spectroscopy, as illustrated
for the identification of resilient carbon species and a boron
promotor on Co catalysts. Each of these techniques could again
be combined with first-principles calculations to facilitate
structural analysis.
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