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During A-H (A = C, N, O) bond cleavage on O* or OH*
pre-covered (111) surfaces, the oxygen species play the
role of modifying the reaction energy by changing the
species involved in the initial and final states of the
reaction.

C-H bond activation plays an important role in the
functionalization of hydrocarbons.'” 1In catalytic partial
oxidation of fossil fuels, oxidants are strongly involved in the
reaction mechanism, creating a variety of oxygen species on
the catalyst surface.”” The extents to which these surface
oxygen species participate in C-H bond activation, and how
they affect the reaction energetics have been vividly debated
in the literature.’”” Previous studies have shown that the
reactivities as well as the coverages of the oxygen species are
dependent on the nature of the transition-metal (TM) surface
employed.*"! For example, atomic oxygen chemisorbed (O*)
on gold is known to be active for C-H bond activation.'*"*
The weak binding of O* on gold makes O* highly active, thus
promoting C-H bond activation.'>'® On the other hand, O* on
Pt-group metals is shown to be inert for C-H bond
activation.'”'® The comparatively strong binding of O* on Pt-
group metals leads to a high O* coverage, thus poisoning the
catalyst surface.'” !

Previously, we investigated the nature of the transition
states for dehydrogenation reactions by establishing the
transition-state scaling (TSS) relations for AH, (x = 1-4, 1-3,
1-2, for A = C, N, O, respectively) dehydrogenation reactions
on clean TM surfaces.”” Herein, we extend the study towards
O*, and OH* pre-covered TM surfaces (see Scheme 1). This
would allow for the comparison between the direct (AH,* >
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Scheme 1 Illustrations of the direct (top row), O-assisted (middle
row), and OH-assisted (bottom row) CH,4 activations on a fce(111)
transition-metal surface.

AH,_* + H*), O-assisted (AH,* + O* > AH,;* + OH*), and
OH-assisted (AH* + OH* > AH,;* + H,Oy) AH,
dehydrogenations. Rather than using the Brensted-Evans-
Polanyi (BEP) relations (AE, vs. AE.,),” > this study is
based solely on the TSS relations since they reflect the trends
among different TM surfaces more clearly than the BEP
relations.”” The goal of this study is to understand the effect
of the surface oxygen species during A-H bond activation on
different TM surfaces (e.g. coinage vs. Pt-group metals), in
terms of simple reaction energetics.

Scheme 2 illustrates a potential energy diagram showing the
reference energy levels used in the TSS relations for the
direct, O-assisted, and OH-assisted AH, dehydro-genation
reactions. The TSS relations are based on the transition-state
energy (AErs) and the final-state energy (AEgs), which are
taken relative to either a clean, or O*, or OH* pre-covered,
TM surface, and CH4, NH3, HyO and H; in the gas phase. This
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Scheme 2 Potential energy diagram for AH, dehydrogenation (x = 1-
4, 1-3, 1-2 for A = C, N, O, respectively). AErs and AEgg are taken
relative to the energies of either a clean (y = 0 and z = 0), or O* (y =
1 and z = 0) or OH* pre-covered (y = 1 and z = 1) surface, and AH,
and H, in gas-phase (¢ =4, 3, 2 for A = C, N, O, respectively).

specific reference system is more useful here than that used in
the BEP relations because: (1) the variations in AEts and AEgg
among TM surfaces are much larger than those in AE, and
AE,; (2) it allows a direct comparison of AErs’s for series of
AH, dehydro-genation reactions, since AErs and AEgg are
taken relative to the gas-phase species, whereas AE, and AEy,
are taken relative to the initial states of different reactions.

Fig. 1 shows the TSS relations for CHyg) activation on
clean, O* pre-covered, and OH* pre-covered, Ag, Au, Cu, Pd,
Pt and Rh (111) surfaces. A close inspection of the figure
reveals that the O-assisted CHyy activation is more
favourable than the direct CHy, activation on Ag, Au, and
Cu, but not on Pd, Pt, and Rh. Similarly, the OH-assisted
CHy() activation is preferred to the direct CHy,) activation on
Ag, Au, Cu, and Pt, but not on Pd, and Rh. In fact, the TSS
relations the O-assisted, and OH-assisted CHy,
activations are quite similar, hence both oxygen species
promote C-H bond cleavage on noble metals, but not on
reactive ones. Similar arguments can be made for NHj() and
Hy0O) reactions as shown in Electronic
Supplementary Information (ESI)" (see Fig. S7a and S9a).
Overall, our results are in good agreement with previous
experimental and theoretical studies.'"'*****

for

activation

To better understand the promoting effect of the surface
oxygen species during CHy,) activation on noble metals, we
will examine the reactions on Au(111) in more detail. CHyg
dissociation on clean Au(111) (CHag + * > CHs* + H¥) is
strongly uphill in energy (AEgrs =~ 1.58 eV, see Fig. 1). This is
accompanied by an extremely high activation barrier of about
2.23 eV (note that for reactions involving closed-shell gas-
phase reactants such as CHy(g), AEps= AE, and AErs= AE,).
On the other hand, CH,g) dissociation on O* pre-covered
Au(111) (CHyy + O* > CHs* + OH¥*) is quite thermo-
neutral (0.15 eV) whose activation barrier is only about 1.33
eV. Thus, it can be concluded that the formation of CH;* and
OH¥*, instead of CH3* and H*, on Au(111) makes AEgs (=
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Figure 1 TSS relations for CHy, activation on clean (black), O*
pre-covered (blue), and OH* pre-covered (green) fcc(111) surfaces.
Black, blue, and green solid lines represent the linear regressions for
the data sets of same colour. The dashed line indicates y = x.

AE,,) of the O-assisted CHyg) activation much lower than
that of the direct CHygy activation (1.58 eV > 0.15 eV),
which has an effect of lowering AEts (= AE,) (2.23 eV >
1.33 eV) (see orange arrows in Fig. 1). Similar arguments can
be made when the TSS relation for the OH-assisted CHyg
activation is compared to that for the direct CHy activation
on Au(l111). We show that NHj, and H,O) activation
reactions also behave similarly in ESI' (see Fig. S7a and S9a).

Interestingly, the TSS relation for the O-assisted CHy,
activation is located above that for the direct CHy,) activation
for a AEgg below 1.45 eV (see Fig. 1). This weakens, or in
some cases, even reverses the effect described above for some
reactive metals (we will show that the difference in the slope
of the TSS relation is insignificant for C-H bond activation).
For example, in the case of Pt(111), AErs (= AE,) increases
slightly from 1.06 to 1.20 eV, although AEgs (= AE,) is
decreased from 0.33 to —0.20 eV (see red arrows in Fig. 1). In
the case of Rh(111), AEts (= AE,) increases greatly from 1.08
to 1.64 eV, because AEgs (= AE,,) is increased from 0.46 to
0.67 eV (see yellow arrows in Fig. 1). Similar arguments can
be made when the TSS relation for the OH-assisted CHy(
activation is compared to that for the direct CHy, activation
on Pt-group metals.

High catalytic activity of gold for hydrocarbon partial
oxidation reactions has been previously explained by the
weak binding (or Brensted basicity) of O* on gold.'"'" As
shown in Scheme 1, however, C-H bond activation occurs via
binding of carbon to the surface, and hydrogen to O*/OH*.
Hence, much better linear correlations can be obtained when
AErs’s for the O-/OH-assisted C-H bond activation are
plotted against AEgs’s (see Fig. S1 in ESIT) than AEo,on’s (see
Fig. S2 in ESIT). This is due to the fact that AEgg reflects the
surface’s ability to bind both oxygen and carbon species.
Thus, AErg’s for the O-/OH-assisted C-H bond activation are
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Table 1. R? values of the linear correlations shown in Fig. S1-S6 in
ESI".

O-assisted OH-assisted
Reaction AEtrs vs. AErs  AErs vs. -AEa AEts vs. AErs  AErts vs. -AEon
CHg activation 0.84 0.70 0.93 0.41
CHs activation 0.89 0.05 0.96 0.22
CH3: activation 0.92 0.26 0.97 0.11
CH activation 0.99 0.21 1.00 0.15
NH; activation 0.80 0.82 0.83 0.53
NH;: activation 0.89 0.72 0.86 0.52
NH activation 0.95 0.74 0.94 023
Hz0 activation 0.96 0.09 N/A N/A
OH activation N/A N/A 0.85 0.69

not only dependent on the binding strength of the oxygen
species, but also the carbon species. Similar arguments can be
made for the O-/OH-assisted N-H and O-H bond activations
(see Fig. S3-S6 in ESI"), although the improvements in the
linear correlations are relatively little or even absent for some
N-H bond activation reactions (see Table 1).

Fig. 2 shows the difference in AErg between the O-/OH-
assisted, and direct CHyy activations (ABEqg® Osisted _
AETSdimt) as a function of the difference in AEgg (AEFSO'/OH'
assisted _ ARp8™). The two linear relations shown in the figure
are similar. This is not surprising given that similar TSS
relations have been obtained for the O-assisted, and OH-
assisted CHy,) activations. The importance of this figure is
that it can be used to quantitatively distinguish which surfaces
prefer the O-/OH-assisted CHyg) activation to the direct
CHy() activation. According to the figure, O* or OH* will
participate in CHy, activation when the difference in AEgg (=
AE,,) is smaller than about —0.3 or —0.5 eV, respectively. For
(111) surfaces whose AEgs (= AE,,) is near these boundaries,
a detailed energetic study is needed to precisely determine
which CHy) activation reaction is more favourable than
another. For example, contrary to what Fig. 2 shows, Pt(111)
slightly prefers the OH-assisted CHy,) activation to the direct
CHyg activation, as shown in Fig. 1.

Fig. 3 shows the combined TSS relations for the activations
of C-H, N-H, and O-H bonds. A series of sequential AH, (x =
4, 3, 2 for A = C, N, O, respectively) dehydrogenation
reactions on clean, O* pre-covered, and OH* pre-covered
surfaces have been investigated. As can be seen in Fig. 3a,
AErs’s for the O-/OH-assisted CH, dehydrogenations are
generally higher than those for the direct CH,
dehydrogenations. On the other hand, as shown in Fig. 3b,
AErs’s for the O-/OH-assisted NH, dehydro-genations are
generally than those for the direct NH,
dehydrogenations (the same is true for OH, dehydro-
genations, see Fig. 3¢). Thus, the effect of O* and OH* on C-
H bond activation is relatively small compared to that on N-H

lower
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Figure 2 Difference in AEts between the O-(blue) or OH-(green)
assisted, and the direct CH, activation reactions as a function of the
difference in AEgs. Blue, and green solid lines represent the linear
regressions for the data sets of same colour. The dashed lines
indicate the boundaries where the O-/OH-assisted CH, activation is
favoured over the direct CH, activation.
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Figure 3 TSS relations for activating (a) C-H; (b) N-H; and (c¢) O-H
bond based on (a) CH, (x = 1-4); (b) NH,. (x = 1-3); and (c) OH, (x =
1-2) dehydrogenations on clean (black), O* pre-covered (blue), and
OH?* pre-covered (green) fcc(111) surfaces. (d) TSS relation when
data in (a), (b) and (c) are combined. The dashed lines indicate y = x.
Most data shown in black are taken from the reference?.

9

or O-H bond activation. This explains why the O-/OH-
assisted CHyg) activation is favourable on coinage metals (see
Fig. 1), whereas the O-/OH-assisted NHjg or H)O
activation is favourable on coinage plus some Pt-group metals
(see Fig. S7a and S9a in ESI").

As shown in Fig. 3a, 3b, and 3c, the slopes of the TSS
relations, if obtained separately for the direct, O-assisted, and
OH-assisted A-H (A = C, N, O) bond activation reactions, are
very similar (nearly one). This can be seen more clearly when
we combine the three figures into one (see Fig. 3d).
Therefore, the transition states for the direct, O-assisted, and
OH-assisted A-H bond activations are all ‘late-type’, i.e., they
are closer to the final states than the initial states. This is in
agreement with our finding that AErg’s for the O-/OH-
assisted CHa), NHj(), and H,O, activations are not only
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dependent on the binding strength of the oxygen species, but
also the atom A species. Thus, the variations in AEts among
the direct, O-assisted, and OH-assisted A-H bond activations
must be explained by the variations in AEFs, rather than by the
variations in AEqoy. For example, on noble metal surfaces,
AErs for the O-assisted AH, dehydrogenation is lower than
that for the direct AH, dehydrogenation because AEgg for the
former reaction (AEau,.; + AEony — AEp) is much lower than
that for the latter reaction (AEap,.1 + AEy). On the other hand,
on reactive metal surfaces, AEtg for the O-assisted AH,
dehydrogenation is higher than that for the direct AH,
activation because AEgs for the former reaction is either
slightly lower or higher than that for the latter reaction.
Similarly, the effect of the surface oxygen species during A-H
bond activation is stronger on noble metal surfaces than on
reactive ones because more energy can be gained on former
surfaces when O* or OH* is reduced to OH* or H,O,
respectively. For example, AEoy — AEp is —1.23 eV on
Au(111), whereas it is —0.19 eV on Rh(111) (see Table S2 in
ESIT). This large difference in AEgy — AEq originates from
the fact that AEq varies more significantly than AEoy among
different metal surfaces (AEg = 2AEqy + u).29

To conclude, the promoting effect of O*/OH* during A-H
bond activation is high on noble metal surfaces whereas it is
low or even absent on reactive ones. Only a few Pt-group
metal surfaces benefited from O*/OH involvement during N-
H and O-H bond activations. The effect of the surface oxygen
species during A-H bond activation not only depends on the
binding strength of the oxygen species, but also the atom A
species. In addition, the TSS relation for the O-/OH-assisted
A-H bond activation is found to be similar to that for the
direct A-H bond activation. Thus, the role of the oxygen
species during A-H bond activation is simply to modify the
thermodynamic driving force, i.e. AE., by changing the
species involved in the initial and final states of the reaction,
which in turn influences AErs.
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Ph.D. studies through the International Fulbright Science &
Technology Award program.

Notes and references

SUNCAT Center for Interface Science & Catalysis, Department of
Chemical Engineering, Stanford University, Stanford, CA 94305 (USA),
and SLAC National Accelerator Laboratory, 2575 Sand Hill Road,
Menlo Park, CA 94025 (USA).

*E-mail: studt@slac.stanford.edu

T Electronic Supplementary Information (ESI) available: additional
data, calculation method. See DOI: 10.1039/c000000x/

41 J. Name.. 2012. 00. 1-3

10.

11

12.

13

14.

15.

16.

17.

18.
19.

20.

21

22.

23.

24.

25.

26.

27.

C. Jia, T. Kitamura, and Y. Fujiwara, Acc. Chem. Res., 2001,
34, 633.

J. A. Labinger and J. E. Bercaw, Nature, 2002, 417, 507.

B. Hashiguchi, S. Bischof, M. Konnick, and R. A. Periana,
Acc. Chem. Res., 2012, 45, 885.

G. K. Boreskov, in Catalysis: Science and Technology, edited
by J. R. Anderson and M. Boudart. Springer-Verlag, Berlin,
Heidelberg, New York, 1982, 3, 40.

G. Panov, A. Uriarte, M. Rodkin, and V. Sobolev, Catal.
Today, 1998, 41, 365.

M.-S. Liao and Q.-E. Zhang, J. Mol. Catal. A: Chem., 1998,
136, 185.

G. Hutchings, M. Scurrell, and J. Woodhouse, Appl. Catal.,
1988, 38, 157.

W. Li, C. Stampfl, and M. Scheffler, Phys. Rev. Lett., 2003,
90, 256102.

C. Stampfl, S. Schwegmann, H. Over, M. Scheffler, and G.
Ertl, Phys. Rev. Lett., 1996, 77, 3371.

E. Shustorovich and A. Bell, Surf. Sci., 1992, 268, 397.

. W. Weng, Q. Yan, C. Luo, Y. Liao, and H. Wan, Catal. Lett.,

2001, 74, 37.
M. Haruta, Nature, 2005, 437, 1098.

.T. Ishida and M. Haruta, Angew. Chem. Int. Ed., 2007, 46,

7154.

M. D. Hughes, Y.-J. Xu, P. Jenkins, P. McMorn, P. Landon,
D. L. Enache, A. F. Carley, G. A. Attard, G. J. Hutchings, F.
King, E. H. Stitt, P. Johnston, K. Griffin, and C. J. Kiely,
Nature, 2005, 437, 1132.

T. A. Baker, X. Liu, and C. M. Friend, Phys. Chem. Chem.
Phys., 2010, 13, 34.

D. A. Outka and R. J. Madix, J. Am. Chem. Soc., 1987, 109,
1708.

M. Valden, N. Xiang, J. Pere, and M. Pessa, Appl. Surf. Sci.,
1996, 99, 83.

C.T. Auand H. Y. Wang, J. Catal., 1997, 167, 337.

B. Xing, X.-Y. Pang, and G.-C. Wang, J. Catal., 2011, 282,
74.

C.T. Au, C. Ng, and M. Liao, J. Catal., 1999, 185, 12.

.D. H. Parker, M. E. Bartram, and B. E. Koel, Surf. Sci., 1989,

217, 489.

S. Wang, V. Petzold, V. Tripkovic, J. Kleis, J. G. Howalt, E.
Skulason, E. M. Fernandez, B. Hvolbxk, G. Jones, A.
Toftelund, H. Falsig, M. Bjorketun, F. Studt, F. Abild-
Pedersen, J. Rossmeisl, J. K. Norskov, and T. Bligaard, Phys.
Chem. Chem. Phys., 2011, 13, 20760.

J. K. Neorskov, T. Bligaard, A. Logadottir, S. Bahn, L. B.
Hansen, M. Bollinger, H. Bengaard, B. Hammer, Z.
Sljivancanin, M. Mavrikakis, Y. Xu, S. Dahl, and C. J. H.
Jacobsen, J. Catal., 2002, 209, 275.

A. Michaelides, Z. P. Liu, C. J. Zhang, A. Alavi, D. A. King,
and P. Hu, J. Am. Chem. Soc., 2003, 125, 3704.

T. Bligaard, J. Nerskov, S. Dahl, J. Matthiesen, C.
Christensen, and J. Sehested, J. Catal., 2004, 224, 206.

G.-C. Wang, S.-X. Tao, and X.-H. Bu, J. Catal., 2006, 244,
10.

M. Neurock, R. A. van Santen, W. Biemolt, and A. P. J.
Jansen, J. Am. Chem. Soc., 1994, 116, 6860.

.D. M. Thornburg and R. J. Madix, Surf. Sci., 1989, 220, 268.
209.

F. Abild-Pedersen, J. Greeley, F. Studt, J. Rossmeisl, T. R.
Munter, P. G. Moses, E. Skulason, T. Bligaard, and J. K.
Neorskov, Phys. Rev. Lett., 2007, 99, 016105.

This iournal is © The Roval Societv of Chemistrv 2012

Page 4 of 5



Page 5 of 5 ChemComm
Journal Name COMMUNICATION

Graphical Abstract (Table of Contents)
AH, + O* > AH,_* + OH*

P TS
G,
>

This iournal is © The Roval Societv of Chemistrv 2012 J. Name.. 2012.00.1-3 1 5



