
O2	+	(H++e-)	

(H++e-)	

H2O	

(H++e-)	

(H++e-)	

H2O	

ORR	OER	
*OOH

*O

*

*OH

ORR/OER	reaction	pathways	

Stoichiometric		
-	Non-equivalent	Fe	
-	Mo		

Non-Stoichiometric		
-	OVac	
-	Adjacent	Mo,	Fe		

15	different	pathways	



SFMO/KSFMO	surface	slab	

Fe-Vo
••-Fe		

Mo-Vo
••-Fe		



SFMO/KSFMO	overpotentials	



KSFMO	key	features	

to identify descriptors for the ORR activity of oxides, in contrast to
the hypothesis proposed previously by Matsumoto et al.18–20, which
is based on the conjecture that the ORR activity of oxide electrodes
can be greatly influenced by the formation and filling of a s* band
between the eg orbital of bulk transition-metal ions and a molecular
orbital of surface oxygen. The application of the molecular-orbital
approach to these perovskites is supported by a large number of
reports that the surface of transition-metal oxides favours electron
localization over the bulk itinerant electron state22–24. Herein, we
show that the primary descriptor that governs the ORR activity of
the 15 perovskites examined in this work is the extent of s*-antibond-
ing (eg) orbital filling of surface transition-metal ions. This hypothesis
is further supported by increasing ORR activity with greater
hybridization of the B–O (B-site-metal and oxygen) bond, as
revealed by O K-edge X-ray absorption spectroscopy (XAS) analysis.

ORR activity measurement of perovskites
The ORR currents of a LaCu0.5Mn0.5O3 thin-film electrode at
various rotation speeds are shown in Fig. 1b, as an example. The
onset of the ORR occurs at !0.8 V versus RHE (reversible hydro-
gen electrode), and an oxygen-transport-limited current appears at
potentials below !0.5 V versus RHE. The slope of the Koutecky–
Levich plot in the mass-transport-limited region (0.4 V versus
RHE, Fig. 1b inset) has a value of !11 mA21 cm2

disk s21/2),
which indicates a 4e2 reduction of oxygen to water15,25. The
mass-transport correction to the oxygen diffusion overpotential
was applied to all measurements to obtain the ORR kinetic currents
as outlined in our previous work15. The surface-area-normalized
kinetic current densities of four representative oxides, termed
specific activity is (ref. 15), are plotted as a function of voltage in

Fig. 1c. Because all 15 oxide catalysts had comparable Tafel
slopes of !60 mV per decade (Supplementary Fig. S1), the
dashed line in Fig. 1c shows that the intrinsic activity for each cat-
alyst can be assessed by the potential to achieve a given specific
ORR current (25 mA cm22

ox ). For LaCu0.5Mn0.5O3, LaMnO3,
LaCoO3 and LaNiO3, this specific activity current can be reached
at potentials of 781(+15), 834(+24), 847(+3) and 908(+8) mV
versus RHE, respectively. A higher potential indicates higher electro-
catalytic activity for a given oxide. It is interesting to note that oxides
such as LaMnO3þd and LaNiO3 have intrinsic ORR activity compar-
able to state-of-the-art Pt/C (Supplementary Fig. S2).

ORR activity descriptor identification
To identify an ORR activity descriptor, we begin by examining the
relationship between the 3d-electron number of B-site ions and
ORR activity with the hypothesis that the 3d-electron number,
which represents the antibonding electron occupation of the B–O
bond, can influence B–O2 interaction strength16 (Supplementary
Scheme S1). This hypothesis is supported by the recent observation
that the adsorption energy trend of B–O2 can be approximated by
that of B–O (ref. 26). Interestingly, the comparison between the
ORR activity of the perovskites and the d-electron number per B
cation (Fig. 1d) reveals an M-shaped relationship with the
maximum activity attained near d4 and d7, which resembles the
trend reported for the oxidation activity of gas-phase CO and
hydrocarbon on perovskites27,28.

We further show that the intrinsic ORR activity of all the oxides
exhibits a volcano shape as a function of the eg-filling of B ions.
Assuming that the O2 molecule probably adsorbs on the surface
B sites end-on (Fig. 2b), the eg orbital directed towards an O2
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Figure 1 | ORR activity of perovskite transition-metal-oxide catalysts. a, ABO3 perovskite structure. b, Oxygen reduction activity of LaCu0.5Mn0.5O3

electrode in O2-saturated 0.1 M KOH at 10 mV s21 scan rate and rotation rates of 100, 400, 900 and 1,600 r.p.m. The Koutecky–Levich analysis (inset) of
the limiting currents (0.4 V) indicates a 4e2 transfer reaction. c, Specific activities of LaCu0.5Mn0.5O3, LaMnO3, LaCoO3 and LaNiO3. The potential at
25mA cm22

ox is used as a benchmark for comparison (shown as the intersection between the activity and the horizontal grey dashed line). d, Potentials at
25mA cm22

ox of the perovskite oxides have an M-shaped relationship with d-electron number. Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe,
grey; Co, green; Ni, blue; mixed compounds, purple), where x¼0 and 0.5 for Cr, and 0, 0.25 and 0.5 for Fe. Error bars represent standard deviations of at
least three measurements.
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•	Fe	d	occupancy	is	ideal	for	ORR	
	
				-				µFe	(K6)	=	3.4	µB	

•	Stabilization	of	key	reaction	intermediate	allows	for	convenient	OER	



TCO	features	of	A-doped	SFMO	explored	with	first-principles	calculations		

§  KSFMO	presents	the	lowest	DEformVO	

§  Only	KSFMO	is	likely	to	be	a	good	e-	conductor	upon	hydration	

§  KSFMO	migration	barriers	are	as	low	as	those	of	BaCeO3		
(no	concerted	rotation)	

Catalytic	capabilities		for	OER/ORR	explored	using	the	TSHE	
§  Peculiar	surface	reconstruction	of	Mo-VO-Fe		
§  Electronic	structure	of	highly	uncoordinated	Fe		

is	good	for	ORR	in	KSFMO		
§  OOH	stabilization	thanks	to	MoO4	is	good	for	OER	in	KSFMO		

Ana	B.	Muñoz-García		
&	M.	Pavone	

J.	Mater.	Chem.	A.	5,	12735	(2017)	

Ana	B.	Muñoz-García		
&	M.	Pavone	

Chem.	Mater.	28,	490	(2016)	

KSFMO	proposed	as	bifunctional	electrode	for	PC-SOFC/ECs			

PC-SOFC/EC:	conclusions	



Defective … but effective! 

§  ZrO2 and Fe-doped ZrO2 for ORR in PEMs 
   Collaboration with TUM: Madkikar, Menga, Harzer,    
   Mittermeier, Siebel, Wagner, Merz, Schuppler, Nagel,  
   Muñoz-García, Pavone, Gasteiger, Piana  

§  CuFeO2 delafossite for CO2 photoconversion to fuels

CASE 3: DFT-based calculations to investigate the 
surface reactivity of transition emtal oxides 



Fe-doped ZrO2 as ORR catalysts in PEMFCs

[1] Madkikar, Mittermeier, Gasteiger, Piana.  J.  Electrochem. Soc, 164,  F831-F833  (2017) 

§  Communication in J. Electrochem Soc (2017) [1] 
§  Enhanced ORR activity with Fe-doped ZrO2 catalysts wrt single components  
     (Fe:Zr ratio 0.02-0.08, particle size < 10 nm)  
 

§  Open questions: 
§  Nature of Fe coordination 
§  Understanding of active sites 
§  Catalyst performance in PEMFC?  

 

§  Joint experimental and theoretical effort: 
§  XPS, NEXAFS and 57Fe Mössbauer 

Spectroscopy 
§  Activity of carbon-supported catalysts: 
     RRDE & single-cell PEMFC 
§  DFT  

« Main exp. results relevant to our 
DFT modeling 
«  Dominant presence of isolated 

Fe3+  (No Fe0, FeC, Fe2O3) 
«  Fe-containing ZrO2 much more 

active than ZrO2 or Fe (sites?, VO) 
«  Decrease of H2O2 yield for 

increasing catalyst loading (H2O) 



Structural models and computational details

§  ZrO2 tetragonal  
§  (011) surface [1]

§  48 f.u. (144 atoms)  
§  FeZrà ~2%TOT ~6%SURF (at.) 

S 

SS 

B 

Pristine vs Fe-doped ZrO2 

§  VO formation energy 
§  O2 adsoprtion à active sites 
§  OOH formation (1st PCET)  
§  H2O vs H2O2 formation (2nd PCET) 

DFT-PBE+U – PBC 
U-J (Zr d, Fe d) = 4.0 eV [2,3] 
PW-Ecut= 800 eV 
3x3x1 Γ k-points mesh  
PCETs : TSHE  
  

µ(H + )+µ(e− ) = 1
2
µ(H2 )

[1] Christensen et al.  PRB, 58,  8050 (1998) [2] Muñoz-García et al.  ACS Appl. Mat. Inter., 7,  21662 (2015) [3] Muñoz-García et al.  JMCA., 5,  12735 (2017) 



Fe oxidation state, surface patterns & VO

PD
O

S 
(a

rb
. u

ni
ts

)
«  Fe likely to be in the surface  
       E(FeS)-E(FeSS) = - 2.4 eV 
 
«  In agreement with experiments, our 

calculations predict Fe3+ (d5 HS) 
«  µ = 4.17 µB  
«  Fully occupied α states  
«  Empty β states 

5.84

*all EformVO 
   in eV

5.68 0.60

0.30

0.80

0.07

0.54 (up)

Zr-rich region in Fe:ZrO2 
(far from Fe) 

0.74 (down)

Why??
DELOCALIZATION

Pure ZrO2 Fe-doped ZrO2



Active sites for O2 adsoprtion

+5.84

+5.68 +0.60

+0.30

+0.80

+0.07

-0.02
-0.02

*all E  in eV

-5.62
+0.12

-4.10 +1.58

+0.85
+0.85

+2.21 +2.81

-0.53
-0.23

+2.19
+2.99

-0.27
-0.20
Zr-rich region in Fe:ZrO2 

On Zr VO (up) VO (down)

+0.10
+0.10

+0.54
-0.51
+0.03

+0.74
  2.55
+3.29

«  O2 ads in pure ZrO2 
«  Weak    -  on Zr 
«  Strong - on up VO (but low [Vo] and 

overall non favored process) 
«  O2 ads in Fe-doped ZrO2 

«  Not on Fe 
«  Favorable on up Fe-VO-Zr 
«  Likely on up Zr-VO-Zr 

Fe-doped ZrO2Pure ZrO2



Active sites for O2 adsoprtion
Fe-doped ZrO2

Negligible SurfaceàO2 
charge transfer

Significant SurfaceàO2 
charge transfer (~1.40 e-) 

dO-O
1.46 Å	

dO-O
1.23 Å	

dO-O
1.36 Å	

dO-O
1.48 Å	

Pure ZrO2



Product formation & selectivity
Pure ZrO2

Stable Zr-bound OOH

Stable OOH Dissociated OOH

Stable OOH

 H2O

ΔE (2PCET) (eV) H2O2 H2O

ZrO2 -0.558 0.271 

Fe-VO-Zr (1) 1.227 -1.321 

Fe-VO-Zr (2) - -1.355 

Zr-VO-Zr -0.444 -0.994 

*OOH +H + + e− →*+H2O2

*OOH +H + + e− →*O+H2O

H2O2

H2O

H2O2

 H2O

Fe-doped ZrO2



CuFeO2 for solar fuel production

Product Half-cell reaction E0 vs NHE (V)

HCOOH CO2 + 2 H+ + 2 e- � HCOOH -0.58

CO CO2 + 2 H+ + 2 e- � CO + H2O -0.51

H2CO CO2 + 4 H+ + 4 e- � H2CO + H2O -0.48

CH3OH CO2 + 6 H+ + 6 e- � CH3OH + H2O -0.39

CH4 CO2 + 8 H+ + 8 e- � CH4 + 2 H2O -0.24

H2 2 H2O + 2 e- �H2 + 2 OH- -0.41

• Low efficiencies (chained losses) 
• High Overpotentials 
• Poor stability  

§  Eg=1.52 eV  
§  p-doped à IPCE 14%, HCOOH production [1]   

§  CuFeO2/CuO tuned to HCOOH/acetate [2] 

• Poor selectivity 
• Competition with HER 
• High PCET kinetically hindered 

Acqueous media 

[2] X. Yang et al., ACS Catal., 7, 177 (2017) [1] J. Gu, et al., J. Phys. Chem. C, 117, 12415  (2013) 

§  CO2 activation on CuFeO2 surface? 
§  Reaction Mechanism? 
§  It is possible to go beyond HCOOH? 

CuFeO2



Onset Potentials

2PCET CO HCOOH

UONSET 0.30 0.22 

PDS 2nd PCET 1st PCET 

4PCET H2CO

UONSET 0.96 

PDS 4th PCET 

6PCET
CH3OH

(via *CO)
CH3OH

(via *OCH2O)

UONSET 0.48 2.99 

PDS 5th PCET 4th PCET 



Routes for methanol production

§  Enhance CO route by stabilizing 1° PCET on O (1b)  
§  For 1st PCET on C route find the way to stabilize adsorbed H2CO (4a)   



Electrocatalysis: conclusions & perspectives 

«  Surface oxygen vacancies needed to activate CO2 
«  In agreement with experiments, our calculations 

predict that HCOOH is the main CO2RR product  
«  Lowest UONSET 
« HCOOH desorption 

«  Promising features to get to methanol: 
«  CO stable on CuFeO2 
«  Low UONSET 

« DFT picture compatible with experimental outcomes 
«  FeZr in ZrO2 is Fe3+ (HS) 
«  Fe induces VO in ZrO2 
« Different nature of active sites for ORR 

«  ZrO2      à surface Zr  
«  Fe:ZrO2 à Fe-VOZr and Zr-VO-Zr  

«  Product selectivity explained 
«  1st PCET make (mainly) stable OOH species in both materials 
«  2nd PCET forms H2O2 on ZrO2 and H2O (with some H2O2 ) in Fe:ZrO2 

CO2 reduction 
on  CuFeO2

ORR on 
Fe-doped ZrO2



Density	Functional	Embedding	Theory	

Problem:	To	treat	a	localized	feature	(e.g.	impurity,	
vacancy,	etc.)	embedded	in	an	infinite	background.	

Challenge:	Need	explicit	treatment	of	electron	correlation,	
beyond	that	provided	by	Kohn-Sham	DFT.	

+		υemb[ρcluster,ρenv]	

cluster	

environment	

•	Accurate	QM	for	cluster	region	(e.g.,	CASPT2,	MRSDCI)		

•	Embedding	potential:	low	level	QM	method,	e.g.	DFT	

],[][][][ int envclusterenvenvclusterclustertottot EEEE ρρρρρ ++=

cluster
envclusteremb

EV
δρ
δ

ρρ int],[ =

Strategy:		Model	as	a	finite	cluster	in	a	QM-based	effective	
extended	crystal	potential	υemb.	

Partition	of	the	total	system	into	a	cluster	region	(I)		
and	background/environment	(II)	

C.	Huang,	M.	Pavone,	E.	A.	Carter	J.	Chem.	Phys.	2011,	134,	154110	



beyond	DFT	=>	
oxygen	reduction	on	Al(111)		

•  a	benchmark	case:	O2	approaching	an	ideal	Al	(111)	surface	=>		
discrepancy	between	experiment	and	theory.	

•  experiments	consistently	suggest	the	existence	of	an	energy	barrier	
preventing	low-energy	sticking.	

•  conventional	KS-DFT	shows	no	such	barrier.	

Origin of the Energy Barrier to Chemical Reactions of O2 on Al(111):
Evidence for Charge Transfer, Not Spin Selection

Florian Libisch,1 Chen Huang,2 Peilin Liao,1 Michele Pavone,1,* and Emily A. Carter1,†

1Departments of Mechanical and Aerospace Engineering and Chemistry, Program in Applied and
Computational Mathematics, and Andlinger Center for Energy and the Environment,

Princeton University, Princeton, New Jersey 08544, USA
2Theoretical Division, Los Alamos National Laboratory, New Mexico 87544, USA

(Received 10 January 2012; published 8 November 2012)

Dissociative adsorption of molecular oxygen on the Al(111) surface exhibits mechanistic complexity

that remains surprisingly poorly understood in terms of the underlying physics. Experiments clearly

indicate substantial energy barriers and a mysteriously large number of adsorbed single oxygen atoms

instead of pairs. Conventional first principles quantum mechanics (density functional theory) predicts no

energy barrier at all; instead, spin selection rules have been invoked to explain the barrier. In this Letter,

we show that correct barriers arise naturally when embedded correlated electron wave functions are used

to capture the physics of the interaction of O2 with the metal surface. The barrier originates from an abrupt

charge transfer (from metal to oxygen), which is properly treated within correlated wave function theory

but not within conventional density functional theory. Our potential energy surfaces also identify oxygen

atom abstraction as the dominant reaction pathway at low incident energies, consistent with measure-

ments, and show that charge transfer occurs in a stepwise fashion.

DOI: 10.1103/PhysRevLett.109.198303 PACS numbers: 82.30.Fi, 31.15.V!, 34.20.!b, 68.49.Df

Understanding the interaction of gas molecules with
metal surfaces is critically important for many applications
including molecular sensing, catalysis, and corrosion. The
initial dissociative sticking of gas molecules such as mo-
lecular oxygen (O2) enables subsequent reactions through
catalysis [1,2]. Conversely, surface corrosion engenders
considerable costs [3]. Despite their importance, the details
of these processes are poorly understood [4]. Even for the
simple yet prominent benchmark case of O2 approaching
an ideal aluminum (111) surface [Fig. 1(a)], there is a
troubling discrepancy between theory and experiment:
experiments consistently suggest the existence of an
energy barrier [5–7] preventing low-energy sticking.
However, studies [8–10] employing conventional Kohn–
Sham density functional theory (KS DFT) show no such
barrier. There is an ongoing debate whether the measured
energy barrier is due to spin quenching or charge transfer
[4]. Furthermore, experiments consistently find widely
spaced oxygen atoms instead of pairs (as one would expect
from full chemisorption of O2), especially at low incident
energies [6,11]. Various mechanisms to explain these
observations have been proposed, including abstraction
[6,12], dissociation [13], and hot-atom motion [11,14].

Recent constrained KS DFT calculations related the ori-
gin of the energy barrier to spin selection rules [15,16], as
suggested by Ref. [7]. By contrast, earlier simulations
employing semiempirical potentials proposed nonadiabatic
charge transfer from the surface to O2 [17]. Subsequent
calculations of the interaction between O2 and small Al
clusters support the latter model: using correlated wave
function methods, they suggest the approximate treatment

of exchange correlation (XC) in KS DFT as reason for its
failure [18–20]. Local (or semilocal) density-based XC
functionals lack derivative discontinuities [21] and suffer
from self-interaction error due to their lack of exact ex-
change [22]. These two XC flaws within pure DFT produce
overdelocalization of electrons. We therefore expect an
unphysically facile charge transfer between O2 and the
Al surface with conventional KS DFT [18–20]. To obtain

FIG. 1 (color online). (a) Four-layer Al(111) periodic slab and
approaching O2 molecule. (b) Geometries used in this work to
investigate different points of the Al(111) surface. Both perpen-
dicular and parallel incidence of O2 were investigated.
(c–f) The four different high-symmetry positions of the
Al(111) surface, and the respective embedded two-layer clusters
used in our calculations.

PRL 109, 198303 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

9 NOVEMBER 2012

0031-9007=12=109(19)=198303(5) 198303-1 ! 2012 American Physical Society

We	employed	a	density-fuctional	embedding	theory	

•			Al(111)	surface	slab	described	with	LDA	(VASP)	
	
•			O2	and	O2-Aln	clusters	with	CASPT2	(MOLCAS)	



O2	on	Al(111)		
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Understanding the interaction of gas molecules with
metal surfaces is critically important for many applications
including molecular sensing, catalysis, and corrosion. The
initial dissociative sticking of gas molecules such as mo-
lecular oxygen (O2) enables subsequent reactions through
catalysis [1,2]. Conversely, surface corrosion engenders
considerable costs [3]. Despite their importance, the details
of these processes are poorly understood [4]. Even for the
simple yet prominent benchmark case of O2 approaching
an ideal aluminum (111) surface [Fig. 1(a)], there is a
troubling discrepancy between theory and experiment:
experiments consistently suggest the existence of an
energy barrier [5–7] preventing low-energy sticking.
However, studies [8–10] employing conventional Kohn–
Sham density functional theory (KS DFT) show no such
barrier. There is an ongoing debate whether the measured
energy barrier is due to spin quenching or charge transfer
[4]. Furthermore, experiments consistently find widely
spaced oxygen atoms instead of pairs (as one would expect
from full chemisorption of O2), especially at low incident
energies [6,11]. Various mechanisms to explain these
observations have been proposed, including abstraction
[6,12], dissociation [13], and hot-atom motion [11,14].

Recent constrained KS DFT calculations related the ori-
gin of the energy barrier to spin selection rules [15,16], as
suggested by Ref. [7]. By contrast, earlier simulations
employing semiempirical potentials proposed nonadiabatic
charge transfer from the surface to O2 [17]. Subsequent
calculations of the interaction between O2 and small Al
clusters support the latter model: using correlated wave
function methods, they suggest the approximate treatment

of exchange correlation (XC) in KS DFT as reason for its
failure [18–20]. Local (or semilocal) density-based XC
functionals lack derivative discontinuities [21] and suffer
from self-interaction error due to their lack of exact ex-
change [22]. These two XC flaws within pure DFT produce
overdelocalization of electrons. We therefore expect an
unphysically facile charge transfer between O2 and the
Al surface with conventional KS DFT [18–20]. To obtain
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Understanding the interaction of gas molecules with
metal surfaces is critically important for many applications
including molecular sensing, catalysis, and corrosion. The
initial dissociative sticking of gas molecules such as mo-
lecular oxygen (O2) enables subsequent reactions through
catalysis [1,2]. Conversely, surface corrosion engenders
considerable costs [3]. Despite their importance, the details
of these processes are poorly understood [4]. Even for the
simple yet prominent benchmark case of O2 approaching
an ideal aluminum (111) surface [Fig. 1(a)], there is a
troubling discrepancy between theory and experiment:
experiments consistently suggest the existence of an
energy barrier [5–7] preventing low-energy sticking.
However, studies [8–10] employing conventional Kohn–
Sham density functional theory (KS DFT) show no such
barrier. There is an ongoing debate whether the measured
energy barrier is due to spin quenching or charge transfer
[4]. Furthermore, experiments consistently find widely
spaced oxygen atoms instead of pairs (as one would expect
from full chemisorption of O2), especially at low incident
energies [6,11]. Various mechanisms to explain these
observations have been proposed, including abstraction
[6,12], dissociation [13], and hot-atom motion [11,14].

Recent constrained KS DFT calculations related the ori-
gin of the energy barrier to spin selection rules [15,16], as
suggested by Ref. [7]. By contrast, earlier simulations
employing semiempirical potentials proposed nonadiabatic
charge transfer from the surface to O2 [17]. Subsequent
calculations of the interaction between O2 and small Al
clusters support the latter model: using correlated wave
function methods, they suggest the approximate treatment

of exchange correlation (XC) in KS DFT as reason for its
failure [18–20]. Local (or semilocal) density-based XC
functionals lack derivative discontinuities [21] and suffer
from self-interaction error due to their lack of exact ex-
change [22]. These two XC flaws within pure DFT produce
overdelocalization of electrons. We therefore expect an
unphysically facile charge transfer between O2 and the
Al surface with conventional KS DFT [18–20]. To obtain

FIG. 1 (color online). (a) Four-layer Al(111) periodic slab and
approaching O2 molecule. (b) Geometries used in this work to
investigate different points of the Al(111) surface. Both perpen-
dicular and parallel incidence of O2 were investigated.
(c–f) The four different high-symmetry positions of the
Al(111) surface, and the respective embedded two-layer clusters
used in our calculations.
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a reliable picture of the charge transfer process, one would
need to apply correlated wave function methods to the
entire O2=Al system [Fig. 1(a)], which is too computation-
ally demanding to be feasible. In this Letter, we solve this
problem by using a recently developed embedding theory
[23] that allows for a completely ab initio description of
the interaction between O2 and its nearby Al atoms at the
different possible adsorption sites [Figs. 1(c)–1(f)], while
the rest of the Al surface is treated by KS DFT. The two
subsystems interact via a unique, formally exact embed-
ding potential [23]. We aim for a detailed understanding of
the reaction, including possible reaction pathways and
their associated energy barriers. Our results provide novel
quantitative insights into previous measurements [5,6] and
implicate activated charge transfer as fundamental to the
O2=Al adsorption process. The highly accurate ab initio
potential energy surfaces obtained in this work may also
serve as a basis for future dynamics simulations of the
reaction of oxygen with aluminum surfaces.

We consider an O2 molecule approaching an Al(111)
surface at different orientations and adsorption sites
[Fig. 1]. We map out the ground state energy as a function
of the O2 bond length LO-O and the distance of the mole-
cule’s center-of-mass to the Al surface LAl-O2

[see, e.g.,
Fig. 2(a)]. For a pure KS DFT description, we use an Al
slab [Fig. 1(a)] described by a periodic 5! 5 supercell (for
details see Refs. [24–26]). To elucidate the role of ex-
change and correlation, we then treat the same problem
with highly accurate correlated wave function (CW) meth-
ods (second-order multireference many-body perturbation
theory [26,27]). We cut a small cluster of 10 to 14 atoms
out of the Al slab to model the different possible adsorption

sites [Figs. 1(c)–1(f)]. We then calculate an embedding
potential Vemb representing the interaction between the
cluster and the remaining Al(111) surface [23]. The ground
state energy of this embedded cluster in the presence of O2

is then determined both on a KS DFT (EDFT
emb) as well as a

CW (ECW
emb) level. Comparing these two energies yields a

correction accounting for XC effects beyond the pure KS
DFT slab calculation EDFT, so that the final embedded
energy Eembcan be written as [23]

Eemb¼ EDFT þ ECW
emb$ EDFT

emb: (1)

Several software packages [24,27–32] were used to evalu-
ate Eq. (1). For technical details, we refer the interested
reader to Ref. [23] and the supplemental material Ref. [26].
As discussed in the introduction, conventional KS DFT

calculations with local (or semilocal) density-based XC
functionals cannot correctly describe the charge transfer
process involved in chemisorption of O2 on Al(111).
Accordingly, we find no energy barrier in our KS DFT
slab calculations [Fig. 2(a)], and an unphysically smooth
transfer of charge from the metal surface to the O2 mole-
cule (not shown). Our results change qualitatively upon
considering our embedded CWenergy [Eq. (1)]: the result-
ing embedding-based potential energy surfaces (EPESs)
feature pronounced energy barriers for all surface sites we
consider [Figs. 2(b) and 2(c) and Table I]. The maximum
cluster-size-converged barrier height (660 meV, Table I)
appears consistent with experiments measuring the initial
sticking probability of O2 on Al(111) as function of O2

kinetic energy. Almost no increase of sticking probability
is observed at energies above 600 meV [5]. Fluctuations in
the CW results due to inaccuracies of the perturbative

FIG. 2 (color online). (a) PES calculated using KS DFT with a periodic slab model for O2 approaching perpendicular to the fcc
hollow site on the Al(111) surface [see inset and Fig. 1]. (b) Same O2 site and orientation as (a), now based on embedded correlated
wave functions [Eq. (1), 6=6 cluster geometry, see inset]. Barrier height is 360 meV (Table I). Black triangle marks an intermediate
local minimum and dashed line an elongated minimum within a reaction pathway towards O2 abstraction. (c) Same method as (b) for
the Al(111) bridge site with O2 parallel to the surface (8=4 cluster geometry, see inset). Barrier height is 530 meV (see Table I and
Fig. 1 in Ref. [26]). Increasing cluster size to 8/6 increases the barrier height by only 30 meV (see Table I). Minimum of the
embedding-based PES at LAl-O2

¼ 0:9 !A and LO-O ¼ 2:2 !A. Energy spacing between contour lines is 300 meV.
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O2	on	Al(111)		

a reliable picture of the charge transfer process, one would
need to apply correlated wave function methods to the
entire O2=Al system [Fig. 1(a)], which is too computation-
ally demanding to be feasible. In this Letter, we solve this
problem by using a recently developed embedding theory
[23] that allows for a completely ab initio description of
the interaction between O2 and its nearby Al atoms at the
different possible adsorption sites [Figs. 1(c)–1(f)], while
the rest of the Al surface is treated by KS DFT. The two
subsystems interact via a unique, formally exact embed-
ding potential [23]. We aim for a detailed understanding of
the reaction, including possible reaction pathways and
their associated energy barriers. Our results provide novel
quantitative insights into previous measurements [5,6] and
implicate activated charge transfer as fundamental to the
O2=Al adsorption process. The highly accurate ab initio
potential energy surfaces obtained in this work may also
serve as a basis for future dynamics simulations of the
reaction of oxygen with aluminum surfaces.

We consider an O2 molecule approaching an Al(111)
surface at different orientations and adsorption sites
[Fig. 1]. We map out the ground state energy as a function
of the O2 bond length LO-O and the distance of the mole-
cule’s center-of-mass to the Al surface LAl-O2

[see, e.g.,
Fig. 2(a)]. For a pure KS DFT description, we use an Al
slab [Fig. 1(a)] described by a periodic 5! 5 supercell (for
details see Refs. [24–26]). To elucidate the role of ex-
change and correlation, we then treat the same problem
with highly accurate correlated wave function (CW) meth-
ods (second-order multireference many-body perturbation
theory [26,27]). We cut a small cluster of 10 to 14 atoms
out of the Al slab to model the different possible adsorption

sites [Figs. 1(c)–1(f)]. We then calculate an embedding
potential Vemb representing the interaction between the
cluster and the remaining Al(111) surface [23]. The ground
state energy of this embedded cluster in the presence of O2

is then determined both on a KS DFT (EDFT
emb) as well as a

CW (ECW
emb) level. Comparing these two energies yields a

correction accounting for XC effects beyond the pure KS
DFT slab calculation EDFT, so that the final embedded
energy Eembcan be written as [23]

Eemb¼ EDFT þ ECW
emb$ EDFT

emb: (1)

Several software packages [24,27–32] were used to evalu-
ate Eq. (1). For technical details, we refer the interested
reader to Ref. [23] and the supplemental material Ref. [26].
As discussed in the introduction, conventional KS DFT

calculations with local (or semilocal) density-based XC
functionals cannot correctly describe the charge transfer
process involved in chemisorption of O2 on Al(111).
Accordingly, we find no energy barrier in our KS DFT
slab calculations [Fig. 2(a)], and an unphysically smooth
transfer of charge from the metal surface to the O2 mole-
cule (not shown). Our results change qualitatively upon
considering our embedded CWenergy [Eq. (1)]: the result-
ing embedding-based potential energy surfaces (EPESs)
feature pronounced energy barriers for all surface sites we
consider [Figs. 2(b) and 2(c) and Table I]. The maximum
cluster-size-converged barrier height (660 meV, Table I)
appears consistent with experiments measuring the initial
sticking probability of O2 on Al(111) as function of O2

kinetic energy. Almost no increase of sticking probability
is observed at energies above 600 meV [5]. Fluctuations in
the CW results due to inaccuracies of the perturbative

FIG. 2 (color online). (a) PES calculated using KS DFT with a periodic slab model for O2 approaching perpendicular to the fcc
hollow site on the Al(111) surface [see inset and Fig. 1]. (b) Same O2 site and orientation as (a), now based on embedded correlated
wave functions [Eq. (1), 6=6 cluster geometry, see inset]. Barrier height is 360 meV (Table I). Black triangle marks an intermediate
local minimum and dashed line an elongated minimum within a reaction pathway towards O2 abstraction. (c) Same method as (b) for
the Al(111) bridge site with O2 parallel to the surface (8=4 cluster geometry, see inset). Barrier height is 530 meV (see Table I and
Fig. 1 in Ref. [26]). Increasing cluster size to 8/6 increases the barrier height by only 30 meV (see Table I). Minimum of the
embedding-based PES at LAl-O2

¼ 0:9 !A and LO-O ¼ 2:2 !A. Energy spacing between contour lines is 300 meV.
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expansion are below 30 meV (Table I). We note that too-
small clusters (with less than ten atoms) overestimate the
energy barrier for the charge transfer [26], due to the smaller
amount of polarizable screening (Vemb is not self-
consistently updated during charge transfer). Calculations
of clusters larger than 14 atoms quickly become unfeasible
due to the computational demands of the complete active
space self-consistent field method [26]. We also calculate
energy barriers for several different cluster geometries at
the same adsorption site and find variations & 60 meV
[26]. We thus estimate a final uncertainty of ! 100 meV
in the barrier heights caused by the finite cluster size and
the nonself-consistent Vemb [26].

To investigate the origin of the energy barrier, we cal-
culate the charge and spin states of the oxygen molecule as
it approaches the surface. We find an abrupt charge trans-
fer, accompanied by a change of O2 spin, at the barrier
[Fig. 3]; i.e., the corresponding diabatic surfaces cross.
Far from the Al surface, the triplet state is energetically

favored. At LAl-O2
! 2:5 !A [Table I], a first charge transfer

occurs to form O2
" and a doublet spin configuration at

the O2 becomes preferred [Fig. 3]. The transfer starts at
larger LAl-O2

for larger LO-O, consistent with the increased
sticking probability of vibrationally excited O2 found in
experiment [5].

To assess the importance of including an embedding
potential, we compare (see Table 1 in Supplemental
Material Ref. [26]) the EPES with data obtained from an
isolated, nonembedded Al cluster treated at the CW level.
While abrupt charge transfer at the crossing of the barrier is
still predicted, the relative barrier heights are incorrect: the
barrier for abstraction is much higher than for dissociative
adsorption, which is not consistent with (and is in fact the
reverse of) experiment. The embedding potential provides
the correct boundary condition at the edges of the cluster
needed to obtain the correct electronic structure inside the
Al cluster. The correct boundary condition is key to obtain-
ing correct trends and quantitative results.

After crossing the barrier, one or both of the oxygen atoms
may adsorb. To investigate possible reaction pathways, we
calculate the energy EO [using Eq. (1)] of a single oxygen
atom at various surface positions. We find two minima at the
fcc (hcp) positions, separated by 1.6 Å and with energies of
8.3 eV (8.1 eV) lower than the energy of an oxygen atom at
5 Å above the surface. For O2 parallel incidence upon the
bridge site, both oxygen atoms will be aligned with these
minima. Indeed, the corresponding EPES forO2 dissociation
features an associated minimum, albeit with a smaller

Eemb ¼ "6:8 eV at a larger LO-O ¼ 2:2 !A [Fig. 2(c)], due
to Coulomb repulsion between the two charged oxygen
atoms [26].
The above energy considerations allow for a second

possible reaction pathway: the energy gain of 8.3 eV
upon adsorption of one O atom is large enough to permit
dissociative adsorption of one atom while the second atom
is emitted into the gas phase as a free radical, a process
commonly referred to as abstraction. Let us consider the
fcc site and perpendicular incidence, as the closer oxygen
atom will be in a favorable adsorption position. The cor-
responding EPES indeed suggests abstraction for

TABLE I. Embedded CW predictions of the barrier height and surface distance at the top of
the barrier for different adsorption sites (Fig. 1), cluster sizes, and O2 orientations. Errors
represent fluctuations in the final EPES.

No. of atoms

Site 1st layer 2nd layer Orientation Ebarrier $ ! (meV) Lbarrier
Al-O2

(Å)

bridge
8 6 k 560$ 10 2.4
8 6 ? 450$ 30 2.7

fcc
6 6 k 430$ 20 2.4
6 6 ? 360$ 10 2.9

hcp
6 6 k 410$ 10 2.5
6 6 ? 410$ 20 2.9

top
7 3 k 660$ 20 2.6
7 3 ? 660$ 20 2.8

experiment [5] & 600

FIG. 3 (color online). (a) Mulliken charge populations and
(b) Mulliken spin populations for O2 approaching the bridge
site in parallel incidence. The contour lines of the potential
energy surface [Fig. 2(c)] are superposed to guide the eye.
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•	ECW	predicts	correct	barrier	heights	

•	Analysis	shows	the	origin	is	a	CT	

expansion are below 30 meV (Table I). We note that too-
small clusters (with less than ten atoms) overestimate the
energy barrier for the charge transfer [26], due to the smaller
amount of polarizable screening (Vemb is not self-
consistently updated during charge transfer). Calculations
of clusters larger than 14 atoms quickly become unfeasible
due to the computational demands of the complete active
space self-consistent field method [26]. We also calculate
energy barriers for several different cluster geometries at
the same adsorption site and find variations & 60 meV
[26]. We thus estimate a final uncertainty of ! 100 meV
in the barrier heights caused by the finite cluster size and
the nonself-consistent Vemb [26].

To investigate the origin of the energy barrier, we cal-
culate the charge and spin states of the oxygen molecule as
it approaches the surface. We find an abrupt charge trans-
fer, accompanied by a change of O2 spin, at the barrier
[Fig. 3]; i.e., the corresponding diabatic surfaces cross.
Far from the Al surface, the triplet state is energetically

favored. At LAl-O2
! 2:5 !A [Table I], a first charge transfer

occurs to form O2
" and a doublet spin configuration at

the O2 becomes preferred [Fig. 3]. The transfer starts at
larger LAl-O2

for larger LO-O, consistent with the increased
sticking probability of vibrationally excited O2 found in
experiment [5].

To assess the importance of including an embedding
potential, we compare (see Table 1 in Supplemental
Material Ref. [26]) the EPES with data obtained from an
isolated, nonembedded Al cluster treated at the CW level.
While abrupt charge transfer at the crossing of the barrier is
still predicted, the relative barrier heights are incorrect: the
barrier for abstraction is much higher than for dissociative
adsorption, which is not consistent with (and is in fact the
reverse of) experiment. The embedding potential provides
the correct boundary condition at the edges of the cluster
needed to obtain the correct electronic structure inside the
Al cluster. The correct boundary condition is key to obtain-
ing correct trends and quantitative results.

After crossing the barrier, one or both of the oxygen atoms
may adsorb. To investigate possible reaction pathways, we
calculate the energy EO [using Eq. (1)] of a single oxygen
atom at various surface positions. We find two minima at the
fcc (hcp) positions, separated by 1.6 Å and with energies of
8.3 eV (8.1 eV) lower than the energy of an oxygen atom at
5 Å above the surface. For O2 parallel incidence upon the
bridge site, both oxygen atoms will be aligned with these
minima. Indeed, the corresponding EPES forO2 dissociation
features an associated minimum, albeit with a smaller

Eemb ¼ "6:8 eV at a larger LO-O ¼ 2:2 !A [Fig. 2(c)], due
to Coulomb repulsion between the two charged oxygen
atoms [26].
The above energy considerations allow for a second

possible reaction pathway: the energy gain of 8.3 eV
upon adsorption of one O atom is large enough to permit
dissociative adsorption of one atom while the second atom
is emitted into the gas phase as a free radical, a process
commonly referred to as abstraction. Let us consider the
fcc site and perpendicular incidence, as the closer oxygen
atom will be in a favorable adsorption position. The cor-
responding EPES indeed suggests abstraction for

TABLE I. Embedded CW predictions of the barrier height and surface distance at the top of
the barrier for different adsorption sites (Fig. 1), cluster sizes, and O2 orientations. Errors
represent fluctuations in the final EPES.

No. of atoms

Site 1st layer 2nd layer Orientation Ebarrier $ ! (meV) Lbarrier
Al-O2

(Å)

bridge
8 6 k 560$ 10 2.4
8 6 ? 450$ 30 2.7

fcc
6 6 k 430$ 20 2.4
6 6 ? 360$ 10 2.9

hcp
6 6 k 410$ 10 2.5
6 6 ? 410$ 20 2.9

top
7 3 k 660$ 20 2.6
7 3 ? 660$ 20 2.8

experiment [5] & 600

FIG. 3 (color online). (a) Mulliken charge populations and
(b) Mulliken spin populations for O2 approaching the bridge
site in parallel incidence. The contour lines of the potential
energy surface [Fig. 2(c)] are superposed to guide the eye.
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Density	Functional	Embedding	Theory	(DFET)	
for	molecular	and	extended	covalent	systems	
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ONIOM	
(PBE0:LDA)	

Embed	
(PBE0:LDA)	

PBE0	

(a)	 3.42	 3.50	 3.55	

(b)	 5.05	 5.05	 5.05	

(c)	 4.79	 4.65	 4.71	

(d)	 5.30	 5.00	 4.98	

dehydrogenation	energies	(eV)	

•	So	far	ECW	have	only	be	applied	for	systems	with	well	defined	partitions	
•	There	are	problems	for	covalent	systems	and	dangling	chemical	bonds		
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countor	plot	of	the	local	embedding	potential	
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Embed		
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PBE+U	
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FIG. 6. The L-curve analysis for choosing the penalty coefficient �. The x
axis is the logarithm of the integration of the square of the mismatch between
(nclu + nenv ) and ntotal . The y axis is the logarithm of the square of the norm
of the embedding potential’s gradient.

From a practical point of view, we are interested in
whether the embedding results are sensitive to the unphysical
fluctuations of Vemb obtained with a small �. Again, we found
that the fluctuations are mainly in the core regions of the bound-
ary atoms. We expect that the embedding results should not be
sensitive to �. To verify this, embedding potentials are gener-
ated by changing � from 10 2 to 10 5. The embedding results
fluctuate in a narrow window (2.34 eV – 2.37 eV), and are much
closer to the benchmark than the ONIOM result (Table II).
For the purpose of simplicity, for the rest calculations we set
� = 10�4.

In the above, we observed that the embedding potential
generated on a pristine (non-spin-polarized) graphene well
reproduces the binding energy of Co on graphene which is a
spin-polarized system. We further study this transferability by
computing EBE for the Co/graphene system of different mag-
netic moments (Fig. 7). In the calculations of ECo/gr, we set
the Co/graphene system to different magnetic moments (from
0.0 µB to 3.0 µB). For the embedding and ONIOM, different
magnetic moments are applied to the embedded Co/C6H6 and
the bare Co/C6H6 clusters, respectively. For the cobalt atom,
its magnetic moment is always set to 3.0 µB which is its ground
state. In Fig. 7, the difference between the benchmark and the
embedding results is within 50 meV. The difference between
ONIOM and the benchmark is approximately 0.5 eV.

Since the 3 ⇥ 3 graphene is relatively small, the interac-
tion between Co and its periodic images may not be negligible.
With the 4 ⇥ 4 Co/graphene unit cell, the PBE + U binding
energy is 1.49 eV, which is 1.41 eV smaller than the case of
3 ⇥ 3 unit cell. This confirms that the interaction between Co
and its images is large. For this 4 ⇥ 4 cell, the binding ener-
gies are 1.46 eV and 1.47 eV with the embedding (� = 10�4)

TABLE II. The binding energies (eV) computed using ONIOM and the cova-
lent embedding method. For embedding, the range is obtained by varying �
from 10 2 to 10 5. The PBE + U result of Co/graphene is the benchmark.

Benchmark Embedding ONIOM

EBE 2.38 2.34 – 2.37 2.88

FIG. 7. The binding energies of Co adsorbed on the hollow site of the
graphene (3⇥ 3 unit cell), computed using the covalent embedding method and
ONIOM. The benchmark is obtained by performing the PBE + U calculations
on the total Co/graphene system.

and ONIOM, respectively. Both of them are very close to the
benchmark. There are several reasons for why ONIOM agrees
well with benchmark for this large cell. First, the image inter-
actions (Co and its periodic images, and C6H6 and its periodic
images) are weaker. Second, graphene is less perturbed by Co
with a larger unit cell, which corresponds to a smaller cov-
erage. The embedding performs well for both the 3 ⇥ 3 and
4 ⇥ 4 unit cells due to the fact that both effects (image interac-
tions and local perturbations) are included in the embedding
potential by construction.

V. CONCLUSIONS

We developed a simple scheme for partitioning covalent
bonds in the context of the density-functional embedding the-
ory. In our approach, we split the boundary atoms into two
linking atoms for saturating the partitioned covalent bonds
that connect a cluster and its environment. Such a scheme is
derived based on the same concept underlying commonly used
methods, such as ONIOM, capping atom, generalized hybrid
orbital,81 and pseudobond methods. The key feature of our
method is that an ab initio embedding potential is constructed
to embed the cluster in the total system. Similar to ONIOM,
how to select and split boundary atoms is heuristic and requires
chemical intuitions. We demonstrated the performance of our
covalent embedding for several molecular systems and an
extended system (Co/graphene). In all cases, subsystem densi-
ties are well-localized, making it possible to employ localized
basis set in later embedded high-level simulations, paving the
way to the CWF-in-DFT embedding calculations for extended
covalent systems.

Our covalent embedding is expected to significantly
improve the efficiency and accuracy of the recently proposed
XC potential patching (XCPP) method.50 In XCPP, the clus-
ter’s XC potential is computed with advanced orbital-based
XC functionals or CWF methods. Despite the tremendous
effort in the development of XC functionals, large SIE is
still present in some advanced XC functionals.82 The accu-
racy of the XC potential inside the cluster can be deteriorated

binding	energy	vs	Co	µB		



DFT-based	embedding:	conclusions	and	perspectives	

•  DFET	allows	for	multi-scale	ab	initio	calculations	of	complex	systems,	
focusing	the	computational	efforts	for	post-HF	level	of	theory	on	a	limited	
portion	of	the	total	system		

•  An	effective	scheme	can	be	exploited	to	study	covalent	extended	systems	as	
for	example	graphene,	carbon	nanotube		

•  DFET	study	of	complex	molecular	systems	where	long	range	electronic	
polarization	effects	are	not	described	by	ONIOM	or	QM/MM	

•  DFET	for	spectroscopic	properties:	solid	state	NMR	

•  DFET	for	molecular	dynamics	
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