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Evidence for Fe 2 �   in Wurtzite Coordination: Iron Doping 
Stabilizes ZnO Nanoparticles

  Jianping   Xiao  ,     Agnieszka   Kuc  ,     Suman   Pokhrel  ,     Marco   Schowalter  , 

    Satyam   Parlapalli  ,     Andreas   Rosenauer  ,     Thomas   Frauenheim  ,     Lutz   Mädler  , 

    Lars G.   M. Pettersson  ,     and   Thomas   Heine   *   

  1. Introduction 

 Zinc oxide (ZnO) is a very important multifunctional 
material, which can potentially be utilized in electronics, [  1  ]  
optoelectronics, [  2  ]  and photodetectors [  3–5  ]  since it is a wide-
bandgap semiconductor. ZnO also plays a signifi cant role in 
many biological processes [  6,7  ]  as metalloenzymes or organic–
inorganic hybrid complexes with, for example, amino acids 
and nucleic acids. [  8  ]  Additionally, it is also applied in the 
medical fi eld to enhance antibacterial action. The elimination 
of potential safety issues regarding the use of nanomaterials 
is a prerequisite for acceptance of these new technologies in 
society. [  9–13  ]  In this respect it was recently demonstrated that 
a key property involved in oxidative injury, namely particle 
dissolution, could be modifi ed by engineering nanoparti-
cles (NPs), such as ZnO. George et al. have shown that iron 
doping changes the dissolution characteristics of ZnO NPs, 
which could lead to rendering the material less toxic and 
hence reduce oxidative injury. [  14  ]  

 The appropriate evaluation and elimination of toxicity 
of nanomaterials has been a subject of considerable con-
cern. [  15,16  ]  The traditional toxicological approach to chem-
ical testing involves animal studies as the primary means of 

 First-principles calculations are used to investigate the structural and electronic 
properties of Fe-doped ZnO nanoparticles. Based on extensive validation studies 
surveying various density functionals, the hybrid functional PBE0 is employed to 
calculate the structures, formation energies, and electronic properties of Fe in ZnO 
with Fe concentrations of 6.25, 12.5, and 18.75 at%. Substitution of Zn by Fe, zinc 
vacancies, and interstitial oxygen defects is studied. High-resolution inner-shell electron 
energy loss spectroscopy measurements and X-ray absorption near-edge structure 
calculations of Fe and O atoms are performed. The results show that Fe-doped ZnO 
nanoparticles are structurally and energetically more stable than the isolated FeO 
(rocksalt) and ZnO (wurtzite) phases. The Fe dopants distribute homogeneously in 
ZnO nanoparticles and do not signifi cantly alter the host ZnO lattice parameters. 
Simulations of the absorption spectra demonstrate that Fe 2 �   dominates in the Fe-doped 
ZnO nanoparticles reported recently, whereas Fe 3 �   is present only as a trace. 
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hazard assessment. This strategy is costly, labor intensive, and 
raises ethical issues. [  17  ]  While admittedly it is impossible to 
perform risk assessment and management without in vivo 
toxicological data, it is absolutely necessary to develop pre-
dictive in vitro toxicological screening to evaluate the safety 
of nanomaterials. 

 Recently, George et al. [  14  ]  reported the synthesis of Fe-
doped ZnO NPs and investigations of their toxicity (here-
after, we will use Fe–ZnO NPs to refer to Fe-doped ZnO 
nanoparticles, unless otherwise stated). Fe–ZnO NPs show 
immense potential for a wide range of applications as the Fe 
content lowers their solubility, and hence their toxicity. The 
materials were produced by fl ame spray pyrolysis (FSP), 
where an Fe concentration of more than 10  at% was success-
fully incorporated in the wurtzite ZnO matrix. The material 
has been characterized by transmission electron microscopy 
(TEM) imaging, inner-shell electron energy loss spectroscopy 
(ISEELS), and X-ray diffraction (XRD) techniques. In sum-
mary, George et al.’s measurements indicate that the overall 
lattice structure of ZnO is not distorted by the Fe atoms; Fe is 
homogeneously distributed in the NPs, and basically replaces 
Zn atoms at their lattice positions. [  14  ]  This indicates the oxi-
dation state of iron to be Fe 2 +  . The last fi nding is remarkable, 
considering that signifi cant amounts of Fe 2 +   (note that FeO 
has a rocksalt structure which is hexacoordinated) can be 
incorporated into ZnO (wurtzite structure, tetracoordinated) 
with only minor changes in the ZnO lattice parameters. The 
possible presence of Fe atoms with other oxidation states 
(i.e., Fe 3 +  ) thus remains an open question. This important 
issue requires further theoretical and experimental investi-
gation because it determines the magnetic properties of the 
doped ZnO. 

 In the present work, the following issues have been theo-
retically addressed, which have emerged after doping Fe in 
ZnO using versatile FSP:  

 •     The thermodynamic stability of Fe–ZnO NPs   
 •     The infl uence of Fe on the structure of ZnO   
 •     The distribution of Fe in the ZnO lattice   
 •      The preferable oxidation state of Fe (Fe 2 +   or Fe 3 +  ) in the 

lattice    

 We have computationally investigated Fe-doped systems 
with Fe contents of up to 18 at% and three types of defects 
(substitution of Zn by Fe (Fe 2 +  ), combinations of substitu-
tion with a zinc vacancy (Fe 3 +  -Zn), and combinations of sub-
stitution of Zn by Fe with interstitial oxygen (Fe 3 +  -O)). The 
basic electronic and energetic properties are investigated 
and compared with experimental data obtained for ZnO 
NPs. Moreover, we have performed high-resolution ISEELS 
measurements and compared them to the computed spectra 
in order to study the local chemical bonding and coordina-
tion of substitutive Fe atoms.   

 2. Computational and Experimental Details 

 The experimentally obtained NPs have a size of about 
20 nm. [  14  ]  These relatively large NPs have a small surface-to-
bulk ratio. We therefore restrict our theoretical investigations 

to the bulk phase, which is represented by a periodic model 
and neglects surface and fi nite size effects. We postpone the 
discussion of the surface effects to a forthcoming article. ZnO 
has the wurtzite crystal structure (see  Figure    1  ) with two 
molecular units of ZnO. [  18  ]  The systems with impurities were 
treated within the supercell approach. To obtain equivalent 
 k -points in the reciprocal space, a 2  ×  2  ×  2 unit cell was used, 
and shrinking factor 2, corresponding to eight independent 
 k -points in the irreducible part of the Brillouin zone within 
the Monkhorst–Pack scheme. [  19  ]  Full optimization of atomic 
positions and cell parameters in fractional coordinates was 
carried out in all cases. All optimizations and calculations of 
electronic structure were performed using the CRYSTAL09 
code, [  20  ]  hence employing local Gaussian-type basis func-
tions. As relativistic effects are not signifi cant, we chose all-
electron basis sets (Zn: 86-411(41d)G, [  21  ]  O: 6-31(1d), [  22  ]  Fe: 
86-411(41d)G [  23  ] ) in order to be independent of the para-
meterization of pseudopotentials.  

 Following the literature, we placed strong emphasis on 
selecting the most suitable density functional for our study. 
 Table    1   compares the lattice parameters, the formation 
energy ( E  f ), defi ned as

 E f = EZnO − 0.5 × nO EO − nZn EZn   (1)   

   and the bandgap of ZnO, calculated using various density 
functionals. In  Equation 1 ,  E  ZnO  denotes the total energy of 
the ZnO unit cell,  E  Zn  is the energy of a single Zn atom in 
metallic Zn, and  E  O  is the energy of a single oxygen molecule 
(triplet spin state);  n  O  and  n  Zn  are the numbers of O 2  mol-
ecules and Zn atoms, respectively. All employed functionals, 
including local density approximation (LDA), generalized 
gradient approximation (GGA), and hybrid functionals, give 
reasonable structural parameters compared with available 

    Figure  1 .     The 2  ×  2  ×  2 ZnO supercell with substitutional positions 
marked 1–5. See Table  2  for the Fe substitution confi gurations studied 
in this work. The local bonds are indicated by  d 1 –d 4: the  d 1 bond 
connects two hexagonal layers;  d 2 –d 4 are equivalent bonds in the 
same hexagonal layer. Blue: Zn; red: O.  
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   Table  1.     Calculated lattice parameters, formation energy ( E f  ), and bandgap ( Δ ) obtained with different functionals compared with experimental 
data. The  E f   is calculated according to Equation 1. All experimental and calculated values are given for the crystalline conventional cell (lengths 
in Å and energies in eV). 

LDA PW(GGA) PBE(GGA) B3LYP  PBE0 Experiments

ZnO  a 3.18 3.27 3.28 3.28  3.25 3.25,[24] 3.249, [25]  3.25 26 

 b 3.18 3.27 3.28 3.28  3.25 3.25, [24]  3.249, [25]  3.25 [26] 

 c 5.15 5.27 5.28 5.28  5.17 5.20, [24]  5.205, [25]  5.21 [26] 

 V 45.24 48.72 49.04 49.07  47.24 47.62 [24] 

 E f  –4.72 –4.30 –4.14 –4.72  –3.67 –3.61, [27]  –3.63 [28] 

 Δ 1.30 1.27 1.25 3.22  3.59 3.3  –  3.44, [29]  3.4 [26] 

FeO  a 4.17 4.28 4.18 4.25  4.21 4.30, [30]  4.22 [31] 

 Δ 0 0 0 2.57  3.24 2.4, [32]  2.4 [33] 

   Table  2.     Confi gurations and atomic percentage of Fe atoms substituted in ZnO NPs. Site 1 denotes a single Fe dopant (1Fe subs ); sites 1 to 5 repre-
sent double (2Fe subs (a)–2Fe subs (d)) and triple (3Fe subs (a)–3Fe subs (d)) Fe substitutions. 

Confi guration 1Fe subs 2Fe subs 3Fe subs 

a a b c d a b c d

FeO [at%] 6.25 12.50 12.50 12.50 12.50 18.75 18.75 18.75 18.75

substituted sites 1 1  +  2 1  +  4 1  +  3 1  +  5 1  +  2  +  3 1  +  2  +  4 1  +  3  +  4 1  +  2  +  5

experimental data. The bandgaps are strongly underestimated 
by all pure density functionals, [  26  ,  34  ]  while they are reason-
ably reproduced by the two hybrid functionals (B3LYP and 
PBE0). [  29  ,  35  ]  The experimental formation energy is repro-
duced best by the PBE0 functional; therefore, in these studies 
we have chosen this hybrid functional. 

 Band structure and projected density of states (PDOS) of 
pure ZnO are given in Figure S1 (Supporting Information). 
In particular, the unoccupied states are shifted to higher ener-
gies compared with the PBE functional by the exact exchange 
contribution, which results in the correct bandgap. At the 
same time, the bands belonging to 3d orbitals calculated with 
the PBE0 hybrid functional are also improved, being located 
at a deeper position compared to the PBE functional, which 
is consistent with the experimental data. [  36,37  ]  

 The calculated lattice parameters of FeO are slightly 
underestimated (Table  1 ). Moreover, the pure density func-
tionals fail to correctly describe FeO as a Mott insulator. [  30  ]  
The calculated bandgap is improved, but overestimated, by 
the PBE0 hybrid functional; care has thus to be taken when 
using the PBE0 hybrid functional to calculate the electronic 
structure of FeO (see Table  1 ). 

 As the Fe-doped systems contain partially unoccupied 3d 
orbitals, we carried out spin-polarized calculations based on 
different FeO concentrations to evaluate how the spin polari-
zation infl uences the stability of various confi gurations. The 
Fe atom concentration in Fe–ZnO NPs was set to 6.25, 12.50, 
and 18.75 at%. Formation energies of Fe–ZnO (alloying 
energies) were calculated as

 E f ,doped = Edoped − nZnO EZnO − nFeO EFeO (EFe2O3
)   (2)   

where  E  f,doped  is the formation energy,  E  doped  denotes the total 
energy of the Fe–ZnO,  E  ZnO  is the total energy of ZnO in 

the wurtzite phase, and  E  FeO  is the total energy of FeO in the 
rocksalt structured phase. In Equation 2, the  E  FeO  is replaced 
by  EFe2O3    for formation energy calculations of Fe 3 +   models. 
Overall, our validation calculations suggest that the PBE0 
functional is the best choice and it will be used throughout 
this study. It performs best for ZnO, which dominates our 
structural models, and also gives reasonable results for FeO. 

 We have studied single, double, and triple Fe substitu-
tions in ZnO, which result in 6.25, 12.50, and 18.75 at% 
concentrations of iron, respectively. For each concentration 
there are various possible distributions of the Fe atoms in 
the ZnO bulk structure. All sites of Zn atoms are equiv-
alent for a single Fe dopant (1Fe subs (a)). For double Fe 
dopants, we can distinguish four substitution models, which 
we call 2Fe subs (a)–2Fe subs (d) (see Figure  1  and  Table    2  ). 
We further studied four models of triple Fe dopants, called 
3Fe subs (a)–3Fe subs (d). To make all models easily compa-
rable, the Zn site 1 was selected as a reference point in all 
confi gurations.  

 Additional composite defects (2Fe subs -Zn vac  and 2Fe subs -
O int ) have been studied, built for double Fe dopants, to 
investigate other possible valence states of Fe in ZnO NPs. 
The interstitial O and Zn vacancies are arbitrarily chosen in 
2Fe subs (a)–2Fe subs (d) to build 2Fe subs -O int  and 2Fe subs -Zn vac  
models, respectively. This part of our work focuses on how 
composite defects infl uence thermodynamic stability and 
crystal structure. 

 ISEELS and X-ray absorption spectroscopy (XAS 
including X-ray absorption near-edge structure (XANES)) 
are well-known techniques to elucidate the electronic 
structure of the materials. [  38  ]  Both are based on exciting a core 
electron to an unoccupied conduction band, thereby allowing 
the analysis of the local environment and oxidation state 
of the probed atoms in the compound. There are different 
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theoretical approximations that can be 
employed to compute ISEELS spectra. 
For small momentum transfer, that is, the 
dipole limit, ISEELS and XANES can 
be described with the same formalism. [  39  ]  
In the present work, we have applied the 
multiple-scattering approach based on the 
FEFF9.0 code. [  40  ]  

 High-resolution transmission electron 
microscopy (HRTEM) studies were carried 
out using an FEI Titan 80/300 ST instru-
ment equipped with a Cs corrector for 
spherical aberration of the objective lens, 
a high-angle annular dark fi eld (HAADF) 
detector, a GATAN post-column imaging 
fi lter, and an EDAX energy-dispersive 
X-ray (EDX) spectrometer. In all inves-
tigations the microscope was operated at 
an acceleration voltage of 300 kV. EDX 
spectra were obtained using a dispersion 
of 10 eV channel  − 1  and compositions were 
quantifi ed using FEI’s ES-Vision software delivered with the 
microscope. ISEELS spectra were acquired with the GIF 
using a dispersion of 0.5 or 0.1 eV channel  − 1 . 

 XRD measurements of ZnO or Fe–ZnO NPs were per-
formed using a PANalytical X’Pert MPD PRO diffracting 
system equipped with Ni-fi ltered Cu K α   (  λ    =  0.154 nm) radia-
tion, ¼ °  fi xed divergence, a primary and secondary Soller slit 
with 0.04 rad aperture, a circular sample holder with 16 mm 
diameter, and X’Celerator detector, with application of a 
continuous scan in the 2  θ   range of 15–80 ° . The instrumental 
contribution to the peak broadening was corrected using 
LaB 6  as an instrumental standard. For microscopic measure-
ments, ZnO or Fe–ZnO particles (2–5 mg) were dispersed in 
absolute ethanol followed by ultrasonifi cation for 1 h. A drop 
from the resulting dispersed solution was placed on a TEM 
grid using an eye dropper and dried at room temperature. 
Energy-fi ltered TEM (EFTEM) images of pre- and post-
edges of elemental mappings were obtained from the data 
by energy calibration and background subtraction. Zero-loss 
spectra were also obtained at each sampling point for energy 
calibration and to identify the homogeneity of the samples.   

 3. Results and Discussion 

  3.1. Structural and Energetic Stability 

 The NPs based on pure and Fe-doped ZnO were synthe-
sized using the FSP technique and physicochemically charac-
terized. The X-ray characterization and Rietveld refi nement 
of the patterns of pure and Fe-doped ZnO revealed that the 
crystal disorder (the disorder of the crystalline NPs experienced 
when Fe atoms were incorporated into the ZnO crystal lattice) 
increases with increasing Fe loading. The crystal sizes are found 
to decrease with respect to Fe loading both from XRD and 
BET (Brunauer–Emmett–Teller) measurements from about 
15–20 nm ( d  XRD  and  d  BET  for pure ZnO) to about 5–7 nm 

( d  XRD  and  d  BET  for 10  at% Fe-doped ZnO). [  14  ]  HRTEM 
images of single NPs of pure and Fe-doped ZnO reveal highly 
crystalline structures with lattice spacing of 0.248 nm for 
undoped and 0.252 nm for 10% doped ZnO (see  Figure    2   and 
 Figure    3  ). The distribution of Fe atoms in the ZnO matrix was 
also investigated using EFTEM. The elemental maps of the 
parent and doped NPs show a homogeneous distribution of Fe 
in the ZnO matrix (see George et al. [  14  ]  for details).

      We have calculated the energetic and electronic properties 
of Fe-doped ZnO with Fe content of 6.25, 12.50, and 18.75 at%. 
Different concentrations of Fe in the ZnO matrix were investi-
gated in either low-spin or high-spin confi gurations. The results 
show that the structures with high spin are more stable than 
those with low spin (see Table S1, Supporting Information) and 
this is consistent with the experimental fi ndings. [  14  ]  While the 

    Figure  2 .     TEM investigation. a) Overview, b) HRTEM, and c) Fourier-fi ltered magnifi ed HRTEM 
image of pure ZnO NPs; d) overview, e) HRTEM, and f) Fourier-fi ltered magnifi ed HRTEM image 
of 10% Fe-doped ZnO NPs.  

    Figure  3 .     The lattice distances of pure ZnO and 10% Fe-doped ZnO are 
found to be 0.248 and 0.252 nm, respectively, in the (011) direction, 
which matches reasonably with the XRD pattern observed at the 2  θ   
value of 36.17 ° .  
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oxidation state of Fe ions doped in ZnO depends on the syn-
thesis method, Fe was previously found to be present as high-
spin Fe 2 +   ions, which substitute Zn 2 +   ions at the lattice sites. [  14  ]  

 Our simulations indicate that increasing the Fe concentra-
tion in the ZnO NPs up to a level of 18.25 at% increasingly 
stabilizes the ZnO lattice. Fe atoms prefer to distribute homo-
geneously in the NPs and the generation of Fe islands inside 
ZnO NPs is energetically unfavorable. This is supported by 
the stability of different confi gurations: for example, in the 
case of ZnO with 12.5 at% Fe dopant, the most stable con-
fi gurations are 2Fe subs (c) and 2Fe subs (d), where the distance 
between two Fe atoms is the largest possible for our supercell 
approach, namely 5.24 and 6.19 Å, respectively. This is con-
sistent with experiment where, using pre- and post-edge ele-
mental mapping as well as EELS in scanning TEM (STEM) 
mode, George et al. [  14  ]  showed that both Fe and Zn are 
homogeneously distributed in the doped ZnO NPs. 

   Table 3   lists the computed formation energies of the dif-
ferent Fe substitutions in ZnO reported per Fe atom. Interest-
ingly, in all cases except for 2Fe subs -O int (d) the doping with FeO 
stabilizes the lattice. Following the energetics given by our fi rst-
principles calculations, substitutional doping is strongly favored 
and valence states other than Fe 2 +   would not be expected. 
Doping ZnO with Fe has very small effects on the ZnO struc-
ture where, for example, the lattice geometry changes by only 
0.03 Å in bond lengths and by 0.2 °  in bond angles in the 1Fe subs  
case. The most stable confi gurations (2Fe subs (c) and 2Fe subs (d)) 
have even smaller lattice deformations. Further increasing the 
Fe concentration to 18.75 at% again results in minor structural 
changes, that is, for the most stable confi guration 3Fe subs (d) by 
0.03 Å in bond length and 0.5 °  in bond angle, compared with 
the lattice parameters of pure bulk ZnO. The binding energies 
of the various confi gurations for Fe-doped ZnO are visualized 
in Figure S3 (Supporting Information).  

 Both composite defects (2Fe subs -Zn vac  and 2Fe subs -O int ) 
are less stable than the 2Fe subs  systems. This is easily under-
stood as both situations, with either a Zn vacancy or an inter-
stitial O atom, introduce extra stress into the 2Fe subs  systems. 
We found that the 2Fe subs -O int (a) case is the most stable for 
interstitial O atoms, which implies that the two high-valence 
iron ions prefer to locate next to the interstitial oxygen 
in the ZnO matrix, which can be rationalized by stronger 
electrostatic interactions. But solely based on the energetics 
and structural data, we still cannot exclude the presence of 
interstitial O and Zn vacancies since the lattice parameters 
of 2Fe subs -O int  and 2Fe subs -Zn vac  are just slightly altered. Even 
the largest lattice deformation of 2Fe subs -O int (d) would be 
rather diffi cult to resolve in TEM experiments.   

 3.2. Core–Hole Spectroscopy (ISEELS Measurements 

and XANES Simulations) 

 We have calculated and measured the iron and oxygen 
ISEEL spectra of Fe–ZnO NPs to determine the valence 
state of Fe. 

 In our experiments, the L2 and L3 edges are split by 
approximately 12 eV in Fe–ZnO NPs, while our calculated 
value is 13 eV for 2Fe subs (c) (Fe 2 +  ) (see  Figure    4  ). On the 
other hand, the absolute energy position of the computed 
spectrum is about 2 eV higher than in the experiment, which 
is most likely due to modeling Fe–ZnO NPs as a periodic bulk 
system and using the LDA functional in the spectrum calcula-
tions with FEFF9.0. The small lattice deformations of around 
1% do not induce a chemical shift of iron (see Figure S4, 
Supporting Information). In the following we will use the 
integrated intensity in the computed white line, that is, the 
principal sharp peak, from the different models of Fe–ZnO 
NPs to verify the oxidation state of Fe in the models; Fe 2 +   
and Fe 3 +   differ in the number of unoccupied 3d states, which 
gives higher intensity in the white line of Fe 3 +   (2p → 3d transi-
tion) but does not lead to a different peak energy (assuming 
the same environment). Having thus confi rmed the character 
of Fe in the different models, we turn to the oxygen K-edge 
and show that partial hybridization with Fe 3 +   gives rise to a 
specifi c peak in the oxygen spectrum which, however, is not 
observed in the experiment. We can thus exclude any signifi -
cant contribution of Fe 3 +   in the Fe–ZnO NPs. 

    Figure  4 .     Comparison between experimental and calculated L3 and L2 
XANES of Fe–ZnO NPs in the 2Fe subs (c) case. L3: red solid curve; L2: 
green dashed curve. The inset shows experimental data.  

   Table  3.     Computed formation energies per Fe atom for the different sites and structures. The symbols a–d represent variable confi gurations. See 
Tables S2 and S3 (Supporting Information)  for details.

X 1Fe subs (x) 2Fe subs (x) 3Fe subs (x) 2Fe subs -Zn vac (x) 2Fe subs -O int (x)

a –0.97 –1.14 –1.20 –0.65 –0.38

b –0.97 –1.10 –1.16 –0.70 –0.14

c –0.97 –1.16 –1.18 –0.48 –0.13

d –0.97 –1.16 –1.21 –0.65 0.44
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 Two typical compounds, FeCO 3  and Fe 2 O 3 , were selected 
for calibration for the Fe 2 +   and Fe 3 +   oxidation states, respec-
tively ( Figure    5  ). Large clusters containing 640 atoms for 
FeCO 3  and Fe 2 O 3 , 864 atoms for 2Fe subs (c) (Fe 2 +  ), 837 atoms 
for 2Fe subs -Zn vac (b) (Fe 3 +  ), and 891 atoms for 2Fe subs -O int (a) 
(Fe 3 +  ) were used to ensure reliable computed spectra. The 
shift of the white line at the L2 edge of Fe, upon going from 
FeCO 3  to Fe 2 O 3 , in the experimental measurement is 1.8 eV 
although the FeCO 3  sample was not chemically pure. [  41  ]  On 
the other hand, Benzerara et al. [  42  ]  have obtained a shift of 
1.7 eV by comparing pyroxene (Fe 2 +  ) and Fe 2 O 3 . Our calcu-
lated value is 1.6 eV, which is in good agreement with these 
values. 

 At both the L3 and L2 edges, the white lines from the 
2Fe subs (c) (Fe 2 +  ), 2Fe subs -Zn vac (b) (Fe 3 +  ), and 2Fe subs -O int (a) 
(Fe 3 +  ) models are essentially intermediate between those 
of FeCO 3  and Fe 2 O 3  and the main differences are found in 
the shape and integrated intensities. Integrating the inten-
sity over the L2 and L3 peaks of Fe 2 O 3  and FeCO 3  we fi nd 
a ratio of 1:0.75, while for the 2Fe subs (c), 2Fe subs -Zn vac (b), 
and 2Fe subs -O int (a) we obtain 0.67:1.00:0.98, thus con-
fi rming that the latter two models indeed represent Fe 3 +  , 
while 2Fe subs (c) corresponds to Fe 2 +   as per construction. 
The shifts in energy position are, however, clearly too small 
to justify conclusions on the Fe oxidation state. In FeCO 3  
iron is typically characterized as Fe 2 +  , sixfold coordinated 
to O atoms at 2.14 Å distance. The fourfold coordination 
in 2Fe subs (c) (Fe 2 +  ), on the other hand, has all bond lengths 
shrunk to approximately 1.98 Å (see  Figure    6  ) which, how-
ever, does not result in a signifi cant chemical shift as seen 
in Figure  5 .  

 In Fe 2 O 3  the Fe atoms are characterized as Fe 3 +   with six 
equivalent Fe–O bonds. If interstitial O is present in Fe–ZnO 
NPs (2Fe subs -O int (a), Fe 3 +  ), Fe will be bonded to only fi ve O 
atoms. The fi ve Fe–O bonds are not identical, as expressed by 
their bond lengths ranging from 1.89 to 2.11 Å, which leads 
to a chemical shift of  ≈ 0.5 eV compared to Fe 2 O 3 . It thus 
appears that the structural environment has a stronger infl u-
ence on the ISEELS data than the iron oxidation state. The 
positions of the L3 and L2 white line peaks in 2Fe subs -O int (a) 
(Fe 3 +  ) are consequently insuffi cient to draw fi nal conclusions 
about the Fe oxidation states, and we instead turn to an anal-
ysis of the ISEELS at the oxygen K-edge. 

 The neighboring O atoms around Fe are helpful to cali-
brate the valence state of the substitutive atoms, as well as 
providing further information on the interaction between 
environment (O) and system (Fe) in the previous calcu-
lations. Thus, we performed XANES calculations of O in 
ZnO and in the 2Fe subs (c) (Fe 2 +  ), 2Fe subs -Zn vac (b) (Fe 3 +  ), 
and 2Fe subs -O int (a) (Fe 3 +  ) models. Comparing the experi-
mental ISEELS and calculated K-edge XANES of O atoms 
( Figure    7  ), we fi nd an overall shift to higher energy by about 
5 eV of the computed spectra relative experiment. This is 
most clearly seen in the position of the fi rst extended X-ray 
absorption fi ne structure (EXAFS) oscillation, which in the 
experiment is found at 550 eV while it is observed at  ≈ 555 eV 
in the computed spectra; this is a multiple-scattering feature 
which should be most reliably reproduced by the FEFF9.0 
code, and we take this to indicate that the computed spectra 
should be shifted down by  ≈ 5 eV for comparison with 
experiment. With this in mind Figure  7  shows that, if 2Fe subs -
Zn vac (b) (Fe 3 +  ) is present in the Fe–ZnO NPs, the charge 
transfer between Fe and O is incomplete leaving empty 2p 
states on oxygen that give rise to a sharp peak below 530 eV, 
which was not observed in our measurement. This is a clear 

    Figure  5 .     Comparison of a) L3 XANES and b) L2 XANES among Fe 2 +   and Fe 3 +   models in ZnO NPs. FeCO 3 : black, Fe 2 O 3 : blue, 2Fe subs (c) (Fe 2 +  ): red, 
2Fe subs -Zn vac (b) (Fe 3 +  -Zn): green, and 2Fe subs -O int (a) (Fe 3 +  -O): blue dashed curves.  
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spectroscopic signal, the absence of which demonstrates 
that the content of 2Fe subs -Zn vac (b) (Fe 3 +  ) should be at most 
a trace in Fe–ZnO NPs. The same phenomenon occurs in 
2Fe subs -O int (a), where in addition the minimum in the inten-
sity in the range of 540–550 eV would be fl attened by the 
presence of Fe 3 +  . Therefore, we can conclude that the con-
tent of Fe 3 +   should be negligible in the Fe–ZnO NPs synthe-
sized by George et al. using FSP.  

 The formation energy calculations together with the 
oxygen K-edge spectrum give a consistent picture of the neg-
ligible content of Fe in the Fe 3 +   oxidation state. For 2Fe subs (c) 
(Fe 2 +  ), the formation energy is much lower than for 2Fe subs -
Zn vac (b) (Fe 3 +  ) and 2Fe subs -O int (a) (Fe 3 +  ). The chemical reac-
tion is not only primarily induced by thermodynamics but 
also by kinetics. The kinetic diffusion is strongly facilitated 
by the pyrolysis reaction in the synthesis process of NPs. 
Thus, the Fe–ZnO NPs can reach the most stable confi gura-
tion in this process with the occurrence of at most very few 
Fe 3 +   defects and a homogeneous distribution of Fe 2 +   in the 
Fe–ZnO NPs.   

 3.3. Alternative Determination of Oxidation State 

 An empirical method for determination of the oxida-
tion state of Fe has been presented by Cavé et al. [  43  ]  They 
showed experimentally that the ratio of the intensities 
below the L2 and L3 white lines depends on the oxida-
tion state. For that, the pre-edge background intensity was 
removed from the spectrum assuming an inverse power 
law. Then the pure intensity contained in the L3 and L2 
peaks was isolated by removing the post-edge background 
using a double arctangent step function. Finally the L3/L2 
ratio was determined. They found ratios of approximately 
4.2 for Fe 2 +  , 5.0 for Fe 3 +  , and 5.6 for Fe 4 +   using an accel-
eration voltage of 200 kV. According to Leapman et al., [  44  ]  
the intensity ratio only weakly depends on the acceleration 
voltage used, and one would expect a ratio of 4.1 for Fe 2 +   
at the 300 kV used in our measurements. We evaluated our 
EEL spectra using the method of Cavé et al. [  43  ]  and found 
an intensity ratio of 4.0  ±  0.4. This result is in agreement 
with Section 3.2, where the oxidation state was found to 
be Fe 2 +  .    

 4. Conclusion 

 We have investigated the structures and formation ener-
gies of various defects, as well as the electronic properties, 
of Fe-doped ZnO NPs by using fi rst-principles calculations 
employing the PBE0 hybrid functional, which has been thor-
oughly validated in this work. The computed energetics for 
different cases with Fe content of 6.25, 12.5, and 18.75 at% 
indicate that doping with Fe stabilizes the ZnO NPs. The 
lattice parameters were found to change negligibly upon Fe 
substitution, which is consistent with our experimental TEM 
fi ndings. The geometrical confi guration demonstrates that Fe 
prefers to distribute homogeneously in Fe–ZnO NPs. 

 XANES calculations and measurements were employed 
to explore the valence state of iron in the studied systems. The 
theoretical and experimental results are in very good agree-
ment. Fe 2 +   dominates the valence state of iron in Fe-doped 
ZnO NPs, as can be observed directly in high-resolution 
ISEELS measurements through the lack of a signal indicating 
empty oxygen 2p character, which would be the consequence 
of substitutional Fe in the Fe 3 +   state. This was confi rmed by 
an alternative determination of the oxidation state.   
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 1Fesubs 2Fesubs(a) 2Fesubs(b) 2Fesubs(c) 2Fesubs(d) 3Fesubs(a) 3Fesubs(b) 3Fesubs(c) 3Fesubs(d) 

Closed shell 1.94 3.52 3.49 3.45 3.20 2.34 5.18 4.60 6.03 

Open shell -0.97 -2.28 -2.20 -2.32 -2.32 -3.61 -3.50 -3.55 -3.62 

 
 

 

2Fesubs 2Fesubs-Znvac  2Fesubs-Oint  

a b c d a b c d a b c d 
ZnO 

a 6.50 6.56 6.52 6.52 6.52 6.52 6.51 6.55 6.46 6.58 6.58  6.54 6.50 

b 6.51 6.48 6.48 6.48 6.51 6.51 6.51 6.53 6.54 6.56 6.50 6.51 6.50 

c 10.35 10.36 10.36 10.36 10.22 10.25 10.23 10.14 10.54 10.37 10.54 10.42 10.34 

 89.36 89.3 90.0 90 89.9 90.3 90.0 90.2 90.9 90.2 88.8  90.1 90.0 

ß 90.5 90.0 89.5 89.5 89.8 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 

 120.0 119.7 119.8 119.8 120.2 120.0 120.0 119.9 119.9  120.1 120.4 120.0 120.0 

Eall/Ef -2.28 -2.20 -2.32 -2.32 -1.30 -1.41 -0.97 -1.30 -0.77 -0.28 -0.26 0.88 -3.67 

 

 

1Fe dopant 2Fe dopants 3Fe dopants  

1Fesubs 2Fesubs(a) 2Fesubs(b) 2Fesubs(c) 2Fesubs(d) 3Fesubs(a) 3Fesubs(b) 3Fesubs(c) 3Fesubs(d) 
ZnO 

a 6.51 6.50 6.56 6.52 6.52 6.49 6.54 6.55 6.50 6.50 

b 6.50 6.51 6.48 6.48 6.48 6.50 6.49 6.58 6.49 6.50 

c 10.37 10.35 10.36 10.36 10.36 10.32 10.33 10.34 10.31 10.34 

 90.0 89.36 89.3 90.0 90 89.7 89.1 89.7 90.7 90.0 

ß 89.8 90.5 90.0 89.5 89.5 90.3 90.0 89.8 89.7 90.0 

 119.9 120.0 119.7 119.8 119.8 119.6 120.2 120.2 119.5 120.0 
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on Iron, Studied by 57Fe Mçßbauer Spectroscopy and DFT Calculations
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Mçßbauer spectroscopy is a very valuable analytical tool

that is based on the recoil-free resonance fluorescence of g-

photons[1] in matter with Mçßbauer-active elements, such as

Fe. It is also one of the few techniques that is able to investi-

gate electric monopole interactions on the resonant nucleus

through hyperfine interactions.[2] The sensitivity of the Cou-

lomb charge interaction is due to the fact that the hyperfine

interactions are seen by the method in two different nuclear

states. The Mçßbauer spectroscopy isomer shift (IS) is an

important parameter that arises from the nuclear-energy

shift that is caused by the Coulombic interaction between

the nucleus and the electron density at the site of the nu-

cleus. Because the valence state is always assumed to be

tightly correlated with the charge density at the nucleus, the

measured IS is often employed to determine the valence

state of the embedded Fe element.[3] In pure oxides, the

upper limit of IS values for Fe3++ in tetrahedral coordination

is around 0.25 mms�1, whereas the lower limit for Fe3+ in oc-

tahedral coordination is approximately 0.29 mms�1.[4] In the

case of Fe2+, IS values within the range 1.20> IS>

1.05 mms�1 are generally attributed to the octahedron and

IS values within the range 1.05> IS>0.90 mms�1 are attrib-

uted to tetrahedral coordination.[3] Hence, the IS values of

Fe2+ and Fe3+ are significantly distinct from each other and

Mçßbauer spectroscopy has been generally accepted as the

method of choice to determine the oxidation number.[3] Al-

though the IS values predictably decrease with increasing

electron density at the nucleus, to the best of our knowl-

edge, IS signals close to approximately 0.3 mms�1 for Fe2+

in pure oxides have not yet been observed.

Recently, George et al.[5] synthesized Fe-doped ZnO

nanoparticles (Fe�ZnO NPs) with flame-spray pyrolysis

(FSP); Fe concentrations of 10 atom% in ZnO NPs have

been achieved without significant deformation of the ZnO

structure. The Fe�ZnO NPs have been thoroughly charac-

terized by TEM imaging, X-ray diffraction (XRD), and ele-

mental mapping techniques. These results indicate that Fe is

homogenously distributed throughout the ZnO NPs with

almost unchanged lattice parameters, without Fe-containing

secondary phases. Furthermore, we have performed density

functional theory (DFT) calculations to study the X-ray ab-

sorption near-edge structure (XANES) of the Fe and O ele-

ments, in comparison with experimental inner-shell electron-

energy-loss spectroscopy (ISEELS). This comparison indi-

cates that Fe2+ is predominantly present in the Fe-ZnO

NPs,[6] consistent with our DFT-based stability calculations,

in which Fe2+ was found to be more stable than Fe3+, and

that Fe may substitute Zn directly at its lattice site without

showing any structural defects. This result appears to be in

contradiction to Fe-doped bulk ZnO, in which Fe has been

reported to occur within domains and with the oxidation

state III.[7]

To resolve this apparent contradiction, we measured the

Mçßbauer IS for Fe in our Fe�ZnO NPs and compared the

results with literature values of known phases that contained

Fe2+ and Fe3+. Our Fe�ZnO samples revealed an Fe-IS

signal of 0.3 mms�1, which was subjected to a quadrupole

splitting (QS) of 0.83 mms�1 (Figure 1). At first sight, these

values point to the presence of ionically bonded Fe3+,[1] un-

derlined by the IS values of 0.9 mms�1 for FeO[2] and

0.37 mms�1 for Fe2O3,
[2] which is in contradiction with our

previous ISEELS analysis, reported in ref. [6].

Herein, by careful theoretical analysis of the electronic

structure of the systems and by calculation of the Mçßbauer

IS and QS of doped Fe�ZnO nanoparticles, FeO, and Fe2O3

on the grounds of DFT calculations, we will show that this

signal can indeed be attributed to Fe2+ within a ZnO matrix.

We will demonstrate that, whilst the Mçßbauer IS is related

to the charge on the ion in the structure, there is not neces-

sarily a correlation with its oxidation state. Hence, the

Mçßbauer IS cannot serve as a necessary determinant of the

oxidation number of dopant atoms.
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We now consider two pure oxide phases, FeO and Fe2O3,

in addition to a variety of model structures that might be ex-

pected in Fe-doped ZnO, as discussed below (Scheme 1).[6]

We define the oxidation number of Fe sites by analyzing the

electronic structure at local sites, that is, by counting the

electrons in the occupied Fe 3d orbitals. A d6 occupation in-

dicates Fe2++ sites, whereas d5 occupation is compatible with

Fe in oxidation state III. The Mçßbauer IS of the Fe sites

are calculated by using DFT (see the Computational Details

section).

Figure 2 shows the projected electronic density-of-states

(P-DOS) for Fe 3d orbitals in three exemplary Fe-doped

ZnO models. As expected, for the FeZn model, in which Zn

lattice sites are substituted with Fe (Scheme 1a), we observe

the d6 electronic configuration that characterizes this site as

Fe2+ (Figure 2a). Again, as expected, two models that

should represent Fe3+, that is, the zinc vacancy (FeZn+VZn)

and interstitial oxygen (FeZn+Oi; Scheme 1b), have d5 occu-

pation (Figure 2b, c).

Table 1 shows the Mçßbauer ISs for these models com-

pared to the pure iron-oxide phases. Our results for the pure

phases reproduce the measured[2] and other calculated

values[8] very well. All of the model structures that incorpo-

rate Fe3+ sites, as determined from the Fe 3d occupation,

show IS values that are close to the expected values for

Fe3+. Surprisingly, the substitutional Fe site, which we identi-

fied as Fe2+ according to its d6 occupation, shows an IS of

0.3 mms�1, well within the range that is usually assigned as

Fe3+ nuclei, but also very close to the measured IS for our

Fe-doped ZnO NPs (Figure 1). Apparently, Mçßbauer IS

cannot be related to the oxidation number in the case of

doped oxides.

Mçßbauer spectroscopy directly probes the charge on the

nucleus site. Evidently, this charge is sensitive to the local

Figure 1. Mçßbauer spectrum of Fe-doped ZnO NPs at 78 K. We have

used the same samples as discussed in ref. [6].

Scheme 1. Fe-doped ZnO models of: a) Fe2++ (FeZn) sites, b) Fe3+

(FeZn+Oi) sites, c) Fe3+ (FeZn+VZn) sites, and d) hydrogen-saturated VZn

(FeZn+VZn+nH, n=1–4) sites in ZnO NPs. The Zn, O, Fe, and H atoms

are denoted by blue, red, green, and cyan spheres, respectively.

Figure 2. Projected DOS of Fe 3d orbitals in ZnO, which are represented

in terms of the a and b spin of a) Fe2+ in FeZn, b) Fe
3+ in FeZn+VZn, and

c) Fe3+ in FeZn+Oi. The energy scale is given with respect to the Fermi

level (dashed line).

Table 1. Calculated Mçßbauer isomer shifts (IS) and quadrupole splitting

(QS) of Fe2+ in FeO (rocksalt phase) and Fe3+ in Fe2O3 (corundum

phase), as well as Fe-doped ZnO models, by using the PBE0 functional,

with respect to body-centered cubic bulk Fe. Available literature values

for pure oxides are given in parentheses.[a]

System IS [mms�1] QS [mms�1]

FeO 0.90 (0.90, 0.81)[b] 0.32

Fe2O3 0.32 (0.37, 0.37)[b] 1.40

FeZn 0.33 0.81

FeZn+VZn 0.32 1.91

FeZn+Oi 0.25 2.50

FeZn+VZn+1H 0.36 1.65

FeZn+VZn+2H 0.36 1.81

FeZn+VZn+3H 0.56 2.74

FeZn+VZn+4H 0.82 4.44

[a] The nuclear constant was referenced to �0.25 a.u.3mms�1; see refer-

ence [8]. [b] Values of FeO and Fe2O3 are taken from references [2,8].
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environment of the atom, both structurally and chemically.

In Figure 3, the change in the Mçßbauer IS is plotted as

function of the Fe�O bond length in FeO and Fe2O3. The

unperturbed pure FeO crystal has Fe�O distances of

2.16 �,[9] whereas, in pure unperturbed Fe2O3, the Fe�O

bond is about 10% shorter (1.85 � for corundum-Fe2O3).

Next, we uniformly compressed the FeO and expanded the

Fe2O3 lattices and monitored the Mçßbauer IS values. Both

phases showed the expected increase in IS upon expansion,

roughly by 0.1 mms�1 per 5% bond stretching. At about

15% lattice deformation in both phases, FeO and Fe2O3

showed very similar Mçßbauer signals. Indeed, the predicted

Fe�O bond lengths for our doped Fe�ZnO nanoparticle

models correspond to about 8% compressed FeO or about

8% stretched Fe2O3. Quantitatively, the IS of Fe2++ in the

FeO structure decreases to 0.73 mms�1 with shortening of

the Fe�O bond length to 1.97 �. When the Fe�O bond

length is elongated to 2.00 �, the IS value of Fe3+ in Fe2O3

increases significantly up to 0.43 mms�1, thus showing a

strong sensitivity towards the local crystal structure. Obvi-

ously, those IS values cannot be observed for the pure

oxides, because they would be destroyed by such strong de-

formations. However, such deformed bond lengths are pres-

ent in our Fe-doped ZnO models, for which we have recent-

ly shown that solid solutions of Fe in ZnO exhibit extraordi-

nary stability.[6]

The difference in the IS values is attributed to the elec-

tron density at the nucleus. There should be a direct linear

relationship between that value and the charge on the ion in

the structure. We calculated the Bader charges[10] on Fe2+

and Fe3+ in ZnO to compare with those in the FeO and

Fe2O3 phases. One critical and surprising finding was that

the Bader charge on Fe2+ in the ZnO NPs was close to that

on Fe3+ in Fe2O3, rather than to that of Fe2+ in FeO. To

ensure the reliability of our explanation, we further investi-

gated a series of FeZn+VZn-based models (Scheme 1d),

namely, FeZn+VZn models with certain hydrogen-saturation

VZn sites (FeZn+VZn+nH, n=1–4), to mimic the reduction

process of Fe3+ into Fe2+ in ZnO NPs. The Bader charges

are linearly correlated with the IS values, similar to the cor-

relation between the IS values and the electron density at

the nucleus (Figure 4). This result indicates that there are

significant changes in atomic charge (Bader charge) and

electron density at the nucleus (IS) for Fe in these models.

However, we would emphasize that the valence state of the

Fe element in the FeZn+VZn+nH (n=2–4) models does not

change at all. This result confirms the fact that the Mçßba-

uer IS depends on the charge at the nucleus, but not on the

electron distribution over the ionic states, that is, on the va-

lence state or on the oxidation number of Fe in Fe-doped

ZnO NPs. A similar correlation is known in metal–organic

chemistry, for example, for organic {Fe4S4}
n+ complexes.[11]

The Mçßbauer QS reflects the interactions between the

nuclear-energy levels and the surrounding electric-field gra-

dient (EFG). We calculated the QS of these FeZn, FeZn+VZn,

and FeZn+Oi models by referring to the nuclear quadrupole

moment of 0.16 barn.[12] It is evident that the QS provides

more details to distinguish between the different doping

sites of Fe in a ZnO matrix, because their values differ by

about 4 mms�1 compared to about 0.5 mms�1 for the IS.

The calculated QS splitting in the FeZn model (about

0.81 mms�1) is in excellent agreement with our measured

value of 0.83 mms�1. However, the calculated QS of the

FeZn+VZn and FeZn+Oi models are 1.90 mms�1 and

2.50 mms�1, respectively. We can now confirm, with compre-

hensive evidence, through Mçßbauer IS and QS analysis,

that the samples contain substitutional Fe2+ ions on the Zn2+

positions of the wurtzite structure.

In summary, we have shown that the oxidation number

can be probed by considering the electronic configuration of

Fe cations in solid matrices. However, spectroscopic meth-

ods, such as Mçßbauer spectroscopy, that relate to the elec-

tron density at the nucleus or the ionic charge are not ade-

quate for determining the oxidation number in mixed

phases as in Fe-doped ZnO. A joint experimental/theoretical

Mçßbauer IS and QS analysis, as presented herein, is a pow-

Figure 3. Calculated Mçßbauer isomer shift of Fe sites in FeO and Fe2O3

with respect to uniform expansion (Fe2O3) or compression (FeO) of the

lattice. Equilibrium geometries refer to 0% lattice deformation. Fe�O

distances are indicated for the individual data points; the positions of the

arrows mark the Fe�O bond length of FeZn (pointing down) and FeZn++Oi

(pointing up) in Fe-doped ZnO.

Figure 4. Correlation between the calculated Mçßbauer isomer shift and

the Bader charge on the Fe sites; * denote Fe3+ (d5), & denote Fe2+

(d6), and ^ denotes a mixture of Fe2+ (d6) and Fe3+ (d5) species.
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erful tool for distinguishing between the possible dopant

sites of Fe in metal-oxide matrices.

The Mçßbauer IS of 0.3 mms�1 and QS of 0.83 mms�1 for

Fe in Fe-doped ZnO nanoparticles[5,6] are compatible with

the presence of substitutional doped Fe2++ ions in these

phases. This result is caused by charge depletion on the

ZnO matrix, supported by the compression of the Fe�O

bond lengths of the tetrahedral Fe site in the wurtzite ZnO

lattice.

Computational Details

All calculations of Mçßbauer IS and QS were performed by using DFT

(PBE0 functional) with the augmented plane wave plus local orbitals

(APW+lo) method, as implemented in the WIEN2K code.[13] In this

method, the electronic wave functions are expanded in spherical harmon-

ics inside non-overlapping atomic spheres of radius RMT and in plane

waves in the remaining interstitial region. The parameter RMTKmax, which

controls the size of the basis sets, was set to seven. The RMT value of the

Fe element was fixed at 1.80–1.81 for all models. The RMT values for Zn,

O, and H atoms were specified within the ranges 1.74–1.88, 1.11–1.60,

and 0.60–0.64, respectively. The electronic wave functions within the in-

terstitial regions were expanded in plane waves with a cutoff energy of

22 Ry. Electronic states that lay more than 7 Ry below the Fermi level

were treated as the core states. The APW+lo method was employed for

the valence electrons, because it allowed faster convergence at the same

high level of accuracy as the LAPW+lo approach. For the valence states,

relativistic effects were taken into account in a scalar relativistic treat-

ment[14] and core states were considered by a fully relativistic treat-

ment.[15]

For calibration calculations by using Fe, FeO, and Fe2O3, we fixed the lat-

tice constant to the experimental value and only relaxed the internal

atomic coordinates. The convergence of the quantities of interest (elec-

tron density at the nucleus) was checked with respect to the number of

k points. The Brillouin zones of FeO and Fe2O3 oxides were sampled by

a regular mesh that contained 40–80 irreducible k points, whereas, for

metallic Fe, 200–600 irreducible k points were specified per Brillouin

zone. Three DFT functionals of the generalized gradient approximation

(GGA) level were considered to confirm the reliability and reproducibili-

ty of our calculations, namely, the Perdew–Burke–Ernzerhof (PBE),[16]

Wu–Cohen (WC),[17] and Perdew et al. (PBE_sol) functionals.[18] We

chose the hybrid functional PBE0,[19] in accordance with our calculations

in ref. [6], because it provides an excellent description of electronic inter-

actions. Further validation calculations included tests using the GGA+U

method, which incorporated explicit electron–electron correlation. With

U values of 4–6 eV, we obtained almost-quantitative agreement for the

IS. For the Fe�ZnO doped models, namely, FeZn, FeZn+VZn, FeZn+Oi,

and FeZn+VZn+nH (n=1–4), the Brillouin zones were sampled with 8–32

k points to confirm the convergence of electron density at the nucleus

(Table 2).

Experimental Details

Metallorganic precursors, zinc naphthenate (8% Zn; Strem Chemicals,

99.9%) and iron naphthenate (12% Fe; Strem Chemicals, 99.9%) were

used for the synthesis of Fe-doped ZnO nanoparticles by flame-spray py-

rolysis (FSP). Briefly, a 0.5m solution of zinc naphthenate in xylene

(50 mL; Strem Chemicals, 99.95%) was mixed with 0.5m solutions of

iron naphthenate in xylene (0.6–6.5 mL) to provide 1–10 wt.% Fe

doping. These precursors were dissolved in the organic solvent (xylene)

to keep the metal concentration at 0.5m. Each liquid precursor was deliv-

ered to the flame nozzle of the FSP reactor by using a syringe pump at a

flow rate of 5 mLmin�1 by atomizing the precursor solution with an O2

dispersant and by maintaining a pressure drop of 1.5 bar at the nozzle

tip. Combustion of the dispersed droplets was initiated by the co-delivery

of CH4 and O2 (1.5 Lmin�1 and 3.2 Lmin�1, respectively) to create a

flame.

A 57Co/Rh source was used for the 57Fe Mçssbauer spectroscopic investi-

gation. The sample was placed in a thin-walled poly(methyl methacry-

late) (PMMA) container, which was sealed with an epoxy resin. The

measurements were performed in the usual transmission geometry at

78 K. Fitting of the spectra was performed by using the NORMOS-90

program system. The spectrum was well-reproduced, with a single signal

at d=0.29(1) mms�1, subjected to a QS of DEQ=0.83(1) mms�1, and an

experimental line-width parameter of 0.51(3) mms�1. The IS refers to a-

iron.
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Activation mechanism of carbon monoxide on a-Fe2O3 (0001) surface studied
by using first principle calculations
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We have employed first principle methods to investigate carbon monoxide (CO) adsorption on

oxygen terminated a-Fe2O3 (0001) surface. We have found that the CO can be adsorbed and

oxidized as long as the CO surface coverage reaches up to two thirds monolayer.

Simultaneously, the bent CO2 are activated and dimerized. Furthermore, oxygen vacancy can

dissociate water and produce carboxylic group by means of reactions with the activated CO2

dimer. Our calculations have reproduced experimental in situ observations of nanocrystalline

a-Fe2O3. In this letter, we also propose a significant strategy to improve reactivity of a-Fe2O3

(0001) continuous film, to convert more efficiently CO into organic species. VC 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4739935]

Carbon monoxide (CO) is a very toxic gas in the atmos-

phere. Catalytic oxidation of CO to carbon dioxide (CO2) is

a good solution to solve such serious environmental prob-

lem.1 Currently, the oxidation process is catalyzed over

noble metals, e.g., platinum and gold. However, the expen-

sive cost of noble metals does not make it feasible any more

in future.

On the other hand, activating CO2 is a significant topic

with fundamental and applied interests in heterogeneous cat-

alytic chemistry, environmental, and electrochemistry.2–4

There were numerous investigations to activate CO2 on

metal-oxide surfaces5,6 and metal complexes.7 Transition

metal surface, a-Fe2O3, appears to be an active catalytic ma-

terial for producing styrene.8 This was then substantiated in

terms of studying reactivity of single crystalline hematite

model.9 Hence it renders an important issue to do fundamen-

tal studies for understanding physical and chemical proper-

ties of a-Fe2O3 surfaces.

For clean a-Fe2O3 (0001) surfaces, Wang et al.10 found

that there are two distinct surfaces domains, namely, Fe-O3-

Fe and O3-Fe-Fe (hereafter, we will use the same nomencla-

ture as in the work of Wang et al.10). These terminations are

stable in certain chemical potential of oxygen. Bergermayer

et al.11 had also obtained evidences with first principle ther-

modynamics calculations by considering temperature effects.

In addition, Bergermayer et al. proposed another configura-

tion of a-Fe2O3 surfaces with ferryl species. The theoretical

prediction was also validated by the following experimental

works.12

Recently, it has also been drawn attentions to obtain fun-

damental insight into the reactivity of the a-Fe2O3 surface.

Deng et al.13 had investigated comparatively the reactivity of

a-Fe2O3 nanocrystals and continuous films with in situ x-ray

photoelectron spectroscopy. The continuous films behave

inert under the same conditions studied for nanocrystalline

a-Fe2O3. Neither adsorbed CO nor hydroxyl group was

observed on the continuous films in their experimental stud-

ies. The reactivity difference indicates there are not active

sites on perfect oxygen terminated a-Fe2O3 (0001) surface.

In this letter, we have performed theoretical studies to

interpret mechanism of relevant reactions on a-Fe2O3 nano-

crystals and also propose efficient solutions to improve the

reactivity of continuous a-Fe2O3 (0001) surface. The realistic

a-Fe2O3 surfaces with adsorbates will exchange adsorbates

with their chemical reservoirs. Therefore, we need to analyze

Gibbs free energy and its dependence on chemical potentials

of adsorbates. The chemical potential can be affected by par-

tial pressure of CO molecules, as well as surface coverage.

The studied surface coverage is in the range from one third

monolayer (h1) to two thirds monolayer (h2) and single

monolayer (h3). Ferromagnetic (FM), antiferromagnetic

(AFM), and paramagnetic (PM) ordering of Fe cations were

also assigned in studied models, respectively, as the same

way as the work of Bergermayer et al.11

We have employed the density functional theory (DFT)

method implemented in CRYSTAL09 code,14 to perform

static calculations (H: 5-11G*,15 C: 6-21G*,16 O: 6-31d,17

Fe: 86-411d,18 Perdew-Burke-Ernzerhof functional19). All

calculations are performed with slab approaches, with surfa-

ces modeled as an infinite and periodic thin slabs consisting

of 18 atomic layers along [0001] direction. There are differ-

ent terminations, namely, Fe and O, for perfect a-Fe2O3

(0001) surfaces. Hence, we have fixed partial atomic layers

and only relaxed the first 6 layers on surface. The opposite

Fe termination is passivated by hydrogen to avoid undesired

electronic states. The Monkhorst-Pack scheme20 grid

(10� 10� 1) was utilized for k-sampling.

The relative energetic stability of the a-Fe2O3 (0001)

surfaces with adsorbed molecules is determined by their re-

spective binding energy, defined as Ebinding¼ [Etot�Eclean

�nl]/A, where Etot is the total energy of CO adsorbed sur-

face, Eclean is the energy of clean Fe2O3 (0001) surfaces (O3-

Fe-Fe), l is chemical potential of adsorbed CO molecule,

which accounts for experimental conditions with different

partial pressure of CO and some uncontrollable variable, and

a)Electronic mail: xiao@bccms.uni-bremen.de. Tel.: þ49 (0) 421 218 2886.

Fax: þ49 (0) 421 218 62770.
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n is the number of adsorbed CO on studied surface area, A.

In our case, A corresponds to the area of primitive (1� 1)

unit cell, which is also observed periodicity,9 containing

three oxygen atoms in the first layer.

Furthermore, first principle molecular dynamics (MD)

were performed to study thermal stability of adsorbate CO

modified surfaces. We have employed projector augmented

wave (PAW) formalism21 and Perdew-Burke-Ernzerhof

functional19 implemented in the Vienna Ab-Initio Simulation

Package (VASP).22 The vacuum space was specified with

30 Å between two images. Initially, we ran couples of trials

(NVE, T¼ 0! 300K) to get different initial configurations.

Then, we performed calculations with these initial configura-

tions (NVT, T¼ 300K) to equilibrate our simulated systems.

The simulated systems were equilibrated within 2 ps with

Nosé thermostat and a time step of 2 fs. The MD simulated

results are comparable and reproducible with random assign-

ment of initial velocity.

In Fig. 1, we show phase diagram of a-Fe2O3 (0001)

surfaces with different CO coverage and magnetic ordering

of Fe cations. The chemical potential boundary (�0.15 eV)

corresponds to chemical potential of CO in the condition of

CO poor. In low CO content case (h1), the single CO mole-

cule does not favor to be stably adsorbed on the O3-Fe-Fe

surface. The weak binding (0.2 eV/Å2) could explain inert

CO adsorption observed in experiment.13 However, as long

as the CO surface coverage reaches up to two thirds mono-

layer (h2) (Fig. 1), the FM spin ordering becomes more pref-

erable. Meanwhile, the two adjacent CO molecules are

oxidized into CO2. Since the carbon-oxygen bonds are unsat-

urated (Fig. 2(b)), it results in an additional carbon-carbon

covalent bond formed and bent CO2 dimer. Hence, the bind-

ing energy (0.8 eV/Å2) is much stronger in comparison with

the case of low CO surface coverage (h1). Wang et al.6 had

observed similar activation mechanism of CO2 on ZnO

(101
�

0) surface with tridentate surface carbonate. This reveals

that bending CO2 is a significant approach in heterogeneous

catalytic chemistry to activate CO2 molecule. Further, we

have also obtained similar bent CO2 dimer (Fig. 2(c)) in the

single monolayer CO coverage (h3). However, the experi-

mental work found inert continuous films of a-Fe2O3 (0001)

surfaces with experimental pressure of 200mTorr and tem-

perature up to 466K.13 According to our calculations, we

would propose that CO molecules can be adsorbed and acti-

vated on a-Fe2O3 (0001) surface in higher CO pressure, to

increase probability of CO2 dimerization, as well as lower

temperature to reduce desorption of CO molecules.

In order to convert activated CO2 dimer into organic

species, on the one hand, it requires to adsorb other organic

species in the vicinity. Thus, we need to activate oxygen site

next to CO2 dimer. On the other hand, the thermal stability

could propose us experimental temperature. Thus, we carried

out further MD simulations to study thermal stability of all

studied surface configurations.

We have found CO2 emission in the low CO surface

coverage (h1). The adsorbed CO molecule is oxidized by O3-

Fe-Fe surface and desorbs in the form of CO2 monomer at

room temperature (300K). The results are reproducible with

random assignment of initial velocity in all MD simulations.

Thus, an oxygen vacancy (VO) can be created by CO2 emis-

sion. In contrast, there is significantly distinct that the

adsorbed CO could form extremely stable bent CO2 dimer

(Fig. 2(b)) in the higher CO surface coverage cases (h2 and

h3). For the single monolayer (h3) case, the MD simulations

indicate it is a simple combination of CO2 monomer (h1) and

CO2 dimer (h2). This is also consistent with our static DFT

calculations. We have also observed oxidation of CO mono-

mer and CO2 emission. Thus, the most interesting finding is

that an active defect (VO) can be easily created in the vicin-

ity of CO2 dimer at room temperature (Fig. 2(c)). The perfect

a-Fe2O3 (0001) surface is a typical polar surface proposed

by Tasker23 (Tasker type 3). There is nonzero macroscopic

dipole moment perpendicular to the surface. The macro-

scopic dipole moment destabilizes intensively the a-Fe2O3

(0001) surface. The defects (VO) formation on surface

can efficiently cancel the macroscopic dipole moment and

FIG. 1. Phase diagram of a-Fe2O3 (0001) surfaces with different CO surface

coverage (h1: one third monolayer, h2: two thirds monolayer, and h3: single

monolayer) and different magnetism (FM: ferromagnetic, AFM: antiferro-

magnetic). The black and bold dashed line is to note clean surface. The

shadow area is proposed to activate CO on a-Fe2O3 (0001) surface.

FIG. 2. Configurations of adsorbed CO on a-Fe2O3 (0001) surfaces with all

studied coverage (a) one third monolayer (h1), (b) two thirds monolayer

(h2), and (c) single monolayer (h3). The VO site is clarified by dashed circle.

Fe: blue, O: red, C: yellow.
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stabilize surface.24 This can explain rationality of our simu-

lated results.

Water is the most usual candidate to react with activated

CO2 dimer in order to produce carboxyl. We have found the

adsorbed water can be dissociated by oxygen vacancy

(Fig. 3(b)). This is exactly consistent with the experimental

work of Deng et al.13 In addition, we have found the desired

carboxyl species formed on the a-Fe2O3 surface. The

adsorbed formate group was also detected in the experiment

with in situ x-ray photoelectron spectroscopy.13 Furthermore,

the CO2 monomer in Fig. 3(b) is produced accompanying

with water dissociation. The stability of the CO2 monomer

should be similar to that in Fig. 2(c). The MD simulations

have also validated our expectations. Thus, one could create

further active site in the vicinity of carboxyl group.

In summary, we have investigated the CO adsorbed on

oxygen terminated a-Fe2O3 (0001) surface. The CO mole-

cules are oxidized and activated in the form of bent CO2

dimer. An oxygen vacancy can be created by releasing CO2

monomer at room temperature (300K). The oxygen vacancy

can dissociate water and generate carboxyl group. The reac-

tivity of the oxygen vacancy was validated in the previous

experiment, where both adsorbed hydroxyl and carboxyl

groups were detected. Thus, there are similar mechanisms of

chemical reactions for nanocrystals and continuous films.

Our theoretical work can propose a strategy to improve reac-

tivity of a-Fe2O3 continuous film.
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5H. Noei, C. Wöll, M. Muhler, and Y. Wang, J. Phys. Chem. C 115, 908

(2011).
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ABSTRACT: Using first-principle thermodynamics, we have studied surface phase
diagrams of Cu substitutional ZnO(0001) surfaces under industrial conditions. On the one
hand, the Cu substituted on Zn sites can promote efficient formation of oxygen vacancies
on the ZnO(0001) surface. It can improve the activity on the Cu/ZnO(0001) surface. On
the other hand, metallic monolayers containing certain Cu and Zn atoms can be also
formed, accompanied by the oxygen vacancies formation. We have further investigated
CO2 adsorption and reduction on these metallic monolayers. These metallic monolayers
prefer to have an intermediate binding strength with the CO2 molecule. The intermediate
binding strength was expected to be optimized for subsequent CO2 reduction. We have
performed further studies and demonstrated successfully the improved catalysis for the subsequent CO2 reduction on these
metallic monolayers. The relevant mechanism can be interpreted with the second synergy effect. The d-band states of these
metallic monolayers, supported on the ZnO(0001) surface, are tuned to shift upward, that is, more close to Fermi level.
Therefore, these metallic monolayers indeed exhibit promoted catalysis, in comparison with reported metallic surfaces in the
literature.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

CO2 reduction is a crucial issue for sustainable development in
both environmental and energy fields. However, no material is
known to be able to catalyze CO2 reduction to fuel efficiently.
Cu/ZnO/Al2O3 is an important industrial catalyst used to
synthesize methanol with a gaseous H2, CO, and CO2 mixture.
This catalytic system is also of interest for the potential
capability of CO2 capture and reduction. However, the catalysis
mechanism of this catalyst is not understood yet. Hence, it is
not feasible to utilize directly a Cu/ZnO-based catalyst for CO2

reduction now.
The controversy arises regarding the nature of the methanol

synthesis and the active sites on Cu/ZnO/Al2O3 catalysts. It
was suggested first that ionic Cu+ sites are the active catalytic
center.1,2 However, on the other hand, it has also been reported
that the catalyst activity is a linear scaling with the metallic Cu
surface area.3 Further evidence supporting metallic Cu as the
active sites was provided by experiments on single-crystalline
Cu(100) and Cu(110) surfaces and polycrystalline Cu films.4

These experiments indicate that the methanol synthesis
reactions are quite sensitive to surfaces. Recently, Behrens et
al.5 reported a combinatorial study with experimental evidence
and density functional calculations. It has been found there is
quite different activity between pure Cu surfaces and the
industrial Cu/ZnO/Al2O3 catalyst. They claimed that most Cu
surfaces are not active at all; however, only a small fraction of
the catalyst’s surface, consisting of Zn-decorated Cu(211) steps,
mainly contributes to the activity of the industrial catalyst. In
addition, it has been speculated for a long time the the ZnO
support can influence the activity of the catalyst. However,

synergistic effects between metallic Cu and the ZnO support
have never been identified thoroughly. Frost6 suggested that
the Schottky junction effects between the metallic Cu particles
and ZnO surfaces may increase the number of oxygen vacancies
(VO). However, these defects sites are also active sites when
ZnO alone is used as a catalyst; there are no key reaction
intermediates observed on ZnO surfaces with the presence of
metallic Cu particles. Thus, the Schottky junction effects cannot
explain the synergy effects sufficiently.
Moreover, Chinchen et al.7 performed isotope labeling

experiments and strongly claimed that the CO2 is the main
carbon source for methanol synthesis. However, the CO2

adsorption and dissociation on the Cu(100) surface are not
as good as expected, in comparison with other transition-metal
surfaces, namely, Fe, Co and Ni(100), and homogeneous
catalysts.8 There, they claimed that the Cu(100) surface is not
likely to capture the CO2 molecule at all. Thus, there must be
significant synergy effects on the heterogeneous interface
between metallic Cu particles and the ZnO support.
Furthermore, the main challenge for understanding a

microscopic mechanism of heterogeneous reactions is the
identification of the geometry and composition of the catalyst’s
surface and in situ observations of the various chemical
reactions under the equivalent industrial conditions.9 Unfortu-
nately, most experimental techniques in surface science are
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difficult to perform directly at a pressure with a magnitude
larger than 50 bar and a temperature higher than 500 K.
However, these above experimental conditions are typically
applied in industrial catalysis of the methanol synthesis.10 Thus,
what is considered to be important reaction mechanisms on the
catalysts’ surfaces have usually been concluded, according to
chemical intuitions and extensive knowledge from experiments
performed at low pressure and low temperature. However,
several studies revealed the unreliability of this approach.11 In
order to improve the reliability by means of bridging the gap
between these experimental temperatures and pressures and
industrial ones, it is necessary to consider sufficiently these
factors in first-principle calculations.
Recently, Behrens et al.5 found that most metallic Cu

surfaces are not active at all. Thus, an appropriate surface model
is a critical issue for first-principle calculations to study reaction
mechanisms. Fortunately, the structural evolution during
activation of Cu/ZnO-based catalysts has been characterized
thoroughly with several in situ experimental techniques.12 First,
Cu atoms were present in the form of substitutional Cu2+ in
Cu/ZnO solid solution as determined with in situ resonant X-
ray diffraction and electron energy loss spectroscopy. Then, the
Cu atoms were extracted from the Cu/ZnO solid solution
under the reductive atmosphere, forming metallic Cu
crystallites. The Cu crystallites could be reoxidized by heating
in air and redispersed in the Cu/ZnO solid solution, in the
form of substitutional Cu2+ on the Zn lattice sites again.
Although there was no further evidence to clarify which ZnO
surfaces were involved in the above reactions, the oxygen-
terminated surface should be considered first, namely, the
ZnO(0001) surface. This is due to the fact that this surface is
the most reducible ZnO surface. As is well-known, the oxygen
vacancy formation can efficiently stabilize ZnO polar surfaces
by means of suppressing the macroscopic dipole moment.
In this work, we first performed first-principle thermody-

namics calculations to determine the phase diagram of Cu/
ZnO(0001) surfaces under industrial temperature and pressure.
We found that the Cu/ZnO(0001) surfaces with metallic
monolayers containing Cu and Zn atoms can be formed and
stable. Then, CO2 adsorption was studied thoroughly on these
metallic monolayers of all reduced Cu/ZnO(0001) surfaces.
Because there is an intermediate binding strength between CO2

and these metallic monolayers, we expected that the CO2

dissociation and reduction on these metallic monolayers should
be improved significantly, compared with that of pure metallic
Cu surfaces. Furthermore, we investigated the CO2 reduction
on these metallic monolayers. Calculated results indicate that
these metallic monolayers are indeed more active and almost
optimal for CO2 reduction, in comparison with reported
surfaces in the literature, for example, Cu(100) and
CuZn(211). This behavior is also quite reasonably interpreted
with the d-band model. Thus, we have found two important
synergy effects between the metallic monolayers and their
support, namely, the ZnO(0001) surface. Finally, we would
propose the feasibility of CO2 reduction on the Cu/ZnO(0001)
surfaces under industrial conditions.
The Cu/ZnO solid solutions were simulated with a Cu

substitutional ZnO wurtzite structure. All surface structures
were described by periodically repeated slabs using an extended
(2 × 2) unit cell along the [0001] direction (Figure 1a). The
thickness of these slabs was specified to be four Zn−O double
layers with hydrogen saturated on the Zn termination. The

upper four atomic layers were allowed to relax, while the atoms
in the remaining layers were fixed at their bulk structures.13

We have considered five uniform Cu concentration gradients
on the Cu/ZnO(0001) surface, in the range of 0−100 atom %,
denoted by the stoichiometry of the first cationic layer, namely,
Zn4, Zn3Cu1, Zn2Cu2, Zn1Cu3, and Cu4, respectively. For all of
these surfaces, we further considered uniform concentration
gradients of oxygen vacancy (VO) defects at 25, 50, 75, and
100%, corresponding to the nomenclature of sVO, dVO, tVO,
and qVO (Figure 1), respectively. Calculated partial pressures of
gaseous CO (10 bar), CO2 (10 bar), H2 (40 bar), and H2O (1
bar) and the temperature (600 K) were referred to the
industrial conditions.5 Then, the formation energies of these VO

defects were calculated to determine the surface phase diagrams
of the Cu/ZnO(0001) surfaces. The four stable qVO surfaces
were selected for further studies of CO2 adsorption and
reduction. Studied active sites for CO2 adsorption are
represented in Figure 1c.
The surface phase diagram is a critical factor to understand

the geometry and composition on the Cu/ZnO(0001) surface.
As the Cu/ZnO(0001) surface exchanges oxygen with its
surroundings, we need to determine the chemical potential of
surface oxygen first. The chemical potential of surface oxygen,
μO, varies due to the change of temperature and oxygen partial
pressure, as well as the partial pressure of other reductive gases
(H2 and CO). Particularly, oxygen vacancy formation is quite
sensitive to the μO under varying conditions. For first-principle
calculations, the high-temperature and high-pressure effects can
be achieved by taking into account explicitly the chemical
potential change in terms of thermodynamics.14 At a given
temperature, T, and partial pressures, p, formation energies of
oxygen vacancies, γ(T,p), can be defined as

∑γ μ= + −T p
A

G T p n T p G T p( , )
1
[ ( , ) ( , ) ( , ) ]d O O p

(1)

where G(T,p)p and G(T,p)d are the Gibbs free energies of
perfect and defected Cu/ZnO(0001) surfaces with respect to
surface area, A, nO is the number of oxygen vacancies, and
μO(T,p) is the chemical potential of oxygen at a specific
temperature, T, and pressure, p. The negative formation
energies correspond to stable surface structures with certain
numbers of oxygen vacancies. The Gibbs free energies of solid
surfaces were replaced by the corresponding total energies,
which were calculated with density functional theory (DFT)
methods. In addition, we employed the ideal gas approximation
to estimate chemical potentials of all gases. The chemical
potential of surface oxygen can be expressed by

Figure 1. Top view of the studied Cu/ZnO(0001) surface: (a) the
perfect ZnO(0001) surface, (b) Zn3Cu1 with an sVO defect, and (c)
the Cu4 surface with an qVO defects and all studied active sites of CO2

adsorption (noted with α, β, γ, θ, δ, and ε). Bold lines indicate bonds
between Cu (green), Zn (blue), and O (red) atoms.
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where p0 and kB are the pressure in standard conditions and the
Boltzmann constant. Three reactions in thermodynamic
equilibrium between Cu/ZnO(0001) surfaces and CO
(CO2), H2 (H2O), and O2 reservoirs were considered. The
μO(T,p0) values were calculated in terms of thermal
contributions and zero-point energy corrections. Moreover,
the CO2 adsorption and hydrogenation reactions were
described with the following expression

∑ μΔ = − −G T p G T p G T p n T p( , ) ( , ) ( , ) ( , )i ia c (3)

Here, G(T,p)c are the Gibbs free energies of the clean Cu/
ZnO(0001) surfaces with various studied metallic monolayers,
namely, the Zn3Cu1, Zn2Cu2, Zn1Cu3, and Cu4 surfaces with
qVO defects. G(T, p)a are the Gibbs free energies of these
surfaces with adsorbed CO2 and H2 molecules, and ni is the
number of adsorbates. On the one hand, the Gibbs free
energies of solid surfaces are still replaced by the corresponding
total energies obtained from DFT calculations. On the other
hand, the chemical potential, μi, of gases was calculated at a
certain temperature, T, and pressure, p.
For pure ZnO (Zn4), the qVO defect is not stable under the

condition with a high chemical potential of surface oxygen,
namely, the oxygen-rich condition. Even under industrial
conditions, only the case with the lowest concentration of VO

defects (sVO) can be stable. However, the VO defects can be
easily stabilized as long as the Cu concentration on the
ZnO(0001) surface is increased (see Figure 2). The detailed

γ(T,p) data can be found in Table S2 in the Supporting
Information. In Figure 3, we show the atomic structures of the
metallic monolayer on all qVO surfaces. It indicates that only
the metallic Zn4 monolayer is not stable under industrial
conditions. The VO defects have been identified to be active
sites for methanol synthesis on the pure ZnO(0001) surface.15

Thus, the Cu can promote significantly the activity on the
ZnO(0001) surface by creating more VO defects. Theoretical
calculations indicate that the Cu substituted on the sites of Zn
in the ZnO wurtzite structure is divalent with the electronic
configuration of Cu (d9).16 The valence state of substituted Cu
had been also validated in the subsequent experiment.12 As the
Cu (d9) is not the most stable electronic structure, the Cu
dopants prefer to be present as Cu+ with less coordinated

oxygen on the surface. In contrast, Zn2+ is quite stable with the
electronic structure of Zn (d10). Hence, it costs more energy to
create active VO defects by breaking Zn2+−O bonds on a Cu/
ZnO(0001) surface, in comparison with breaking Cu2+−O
bonds. Therefore, we have found the first synergy effect, that is,
the Cu dopants can promote the activity of the ZnO(0001)
surface in way of stabilizing VO defects. Accompanied by the
qVO formation, metallic monolayers containing certain Zn and
Cu atoms are formed and exposed to gas phases. As there is
charge transfer from these metallic monolayers to the sublayer
(O), the metallic Cu4 monolayer, as well as the Zn3Cu1,
Zn2Cu2, and Zn1Cu3 surfaces, differs significantly from pure
metallic Cu surfaces. We will analyze their activity and relevant
electronic structure in detail in the next paragraphs.
The binding strength between CO2 and Cu surfaces

determines the ability of the Cu surfaces acting as a catalyst.
During catalysis, the Cu surfaces form chemical bonds with
CO2 and break one of the C−O bonds for its subsequent
hydrogenation. The maximum in the catalytic rate requires an
intermediate Cu−O bond strength, which is the optimal
compromise between having a lower activation barrier for CO2

dissociation (prefers a stronger Cu−O bond), and also the
ability to activate further reactions with the adsorbed hydrogen
(prefers a weaker Cu−C bond). The catalytic rate is a function
of adsorption energy, which is reflected in terms of the volcano
curve.17 In the remainder, we will show that these metallic
monolayers (Zn3Cu1, Zn2Cu2, Zn1Cu3, and Cu4) supported
with a ZnO(0001) surface are indeed optimized surfaces, close
to the peak of volcano curve, in comparison with reported
metallic Cu surfaces.5,8

Liu et al.8 have done comparative studies for CO2 conversion
on transition-metal (Fe, Co, Ni, and Cu) surfaces. They
claimed that the CO2 adsorption on the Cu(100) surface is too
weak (+0.75 eV) and that the corresponding activation energy
is very high. In addition, there is a stronger adsorption ability
between CO2 and the Ni(100) surface (−0.05 eV), as well as
Co(100) surfaces (−0.42 eV). The activation energies for CO2

dissociation are lower too. In contrast, the CO2 is likely to
overbind with the Fe (100)surface (−1.45 eV), and it results in
an undesired thermodynamic sink. The activation energy for
CO2 dissociation rises for the Fe(100) surface. According to the
classical volcano curve, as a consequence, the optimal
adsorption energy for CO2 conversion should be between
−0.42 and −1.45 eV. All metallic monolayers on these surfaces
(Zn3Cu1, Zn2Cu2, Zn1Cu3, and Cu4) and six possible active
sites (see Figure 1c) have been considered to investigate CO2

adsorption thoroughly. The CO2 adsorption on the metallic
Cu4 monolayer is considerably optimized (−1.31 eV) in
comparison with above pure metallic surfaces. There are also
consistent findings for metallic Zn1Cu3 (−0.82 eV), Zn2Cu2
(−1.09 eV), and Zn1Cu3 (−1.33 eV) monolayers. The detailed

Figure 2. Surface phase diagrams of all metallic monolayers supported
by the ZnO(0001) surface, namely, the Zn4, Zn3Cu1, Zn2Cu2, Zn1Cu4,
and Cu4 surfaces with qVO defects, under industrial temperature and
partial pressures. The dashed line refers to perfect surfaces.

Figure 3. Top view of these metallic monolayers supported by
ZnO(0001) surfaces, namely, (a) Zn4, (b) Zn3Cu1, (c) Zn2Cu2, (d)
Zn1Cu3, and (e) Cu4 surfaces with qVO defects. Bold lines indicate
bonds between Cu (green) and Zn (blue) atoms.
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ΔG(T,p) data for all studied active sites are available in Table
S3 in the Supporting Information.
The reactions of CO2 dissociation and hydrogenation on

these metallic monolayers of Cu/ZnO(0001) surfaces can be
expected by analyzing relevant electronic structures. According
to the d-band model, for the Cu(100) surface, when the CO2

approaches the surface, the C-2p and O-2p orbitals interact first
with Cu-4s orbitals and then switch upon coupling to the Cu-
3d orbitals. As all transition metals have a half-filled 4s state in
the metallic state, they do not differ significantly from one
metal to another. The leading difference in this interaction is
attributed to the d-band states because it is more localized. The
interaction between the O-2p (and C-2p) and Cu-3d states
gives rise to separated bonding and antibonding states (see
Figure 4). The strength of Cu−O and Cu−C bonds is directly

affected by the relative occupancy of bonding and antibonding
states. In other words, the position of the d-band center with
respect to the Fermi level determines whether the interaction is
likely to be attractive or repulsive. In Figure 4, it indicates that
the antibonding states of Cu−O and Cu−C interactions are
considerably occupied for the Cu(100) surface. For the metallic
Cu4 and Zn1Cu3 monolayers, however, as the d-band centers
are tuned to shift upward, it results in fewer occupied
antibonding states (see Figure 4). As a result, the CO2

adsorption on these metallic monolayers exhibits more
attractive features. Therefore, these metallic monolayers with
a ZnO(0001) support have indeed optimized the adsorption
energy close to the peak of the volcano curve, compared with
that of the pure Cu(100) surface.
Besides, Behrens et al.5 claimed that the Zn-decorated

Cu(211) surface is more active rather than the pure Cu(211)
surface (hereafter, we will use CuZn(211) to refer to the Zn-
decorated Cu(211) surface, unless otherwise stated). We also
performed further investigations of CO2 dissociation and
hydrogenation to methanol on the metallic Cu4 monolayer in
order to compare the whole process with that on the
CuZn(211) surface.5 We have obtained considerably consistent
conclusions, as expected by the d-band model. The calculated
results for the hydrogenation processes are shown in Figure 5.
For the Cu4 case, all reaction steps are exothermic with respect
to the clean Cu4 surface and gaseous CO2 and H2 phases. The
second step of CO2 hydrogenation, namely, from HCOO* +

H* to HCOOH* species, is the most endothermic reaction for
both CuZn(211) and the metallic Cu4 monolayer. Obviously,
the reaction on the metallic Cu4 monolayer is more
energetically favorable. Furthermore, the critical step of CO2

dissociation is improved effectively on the metallic Cu4
monolayer too (from H2COOH* to H2CO* + OH*). Besides,
there are also more exothermic reactions for the hydrogenation
process, that is, from the H2CO* + OH* species to CH3OH +
H2O. Instead, there are more endothermic reactions on the
CuZn(211) surface. This is exactly in agreement with the d-
band model analysis.
On the one hand, the industrial catalyst is mostly prepared

with a coprecipitation technique;12 the pure Cu-covered
monolayer (Cu4) is not usually the dominant surface. On the
other hand, the metallic Zn3Cu1 monolayer is relatively less
stable in comparison with other surfaces. Therefore, the active
sites of the industrial catalyst can be also contributed from the
metallic Zn2Cu2 and Zn1Cu3 surfaces. We performed further
investigations for the metallic Zn2Cu2 and Zn1Cu3 surfaces. It
has been found that there are analogous activities for CO2

reduction on the two surfaces too. The reaction energies of
CO2 hydrogenation are given in Table S4 of the Supporting
Information. In the work of Behrens et al.,5 they did not
observe these surfaces in high-resolution transition electron
microscopy (HRTEM). However, the HRTEM measurements
were performed under conventional vacuum conditions, instead
of conditions with a gaseous H2 and CO2 atmosphere.
Therefore, these surfaces that we proposed are definitely
reconstructed under vacuum conditions. This can explain why
these surfaces that we proposed were not imaged. According to
the above analyses, the CO2 reduction is indeed feasible with
the modified Cu/ZnO-based catalyst. The critical issue is to
activate the modified Cu/ZnO-based catalyst before its
industrial application.
In conclusion, we have employed first-principle thermody-

namics to study phase diagrams and CO2 reduction on the Cu/
ZnO(0001) surfaces. The calculated results suggest two
synergy effects on the Cu/ZnO(0001) surface. As the Cu
could promote the formation of oxygen vacancies on the ZnO
surface, the activity of the ZnO(0001) surface can be improved
significantly. Meanwhile, these metallic monolayers on the
ZnO(0001) surfaces have more localized d-band states, and
also the Cu d-band states are tuned to shift considerably
upward. This is the second synergy effect on the Cu/
ZnO(0001) surfaces. The CO2 adsorption energies on these

Figure 4. Projected DOS of the Cu d-band on (a) a metallic Cu(100)
surface, (c) a metallic Zn1Cu3 monolayer, and (e) a metallic Cu4
monolayer; the C-2p and O-2p states of adsorbed CO2 are shown on
(b) the Cu(100) surface, (d) a metallic Zn1Cu3 monolayer, and (f) a
metallic Cu4 monolayer. The red and blue arrows indicate the d-band
center and antibonding states, respectively.

Figure 5. CO2 reduction on a metallic Cu4 monolayer under industrial
pressure and temperature conditions is compared with reported results
on a CuZn(211) surface.5 The ΔG(T,p) scale is referred to the clean
surface and gaseous CO2 and H2. The asterisk is to clarify the adsorbed
species.
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metallic monolayers of Cu/ZnO(0001) surfaces are optimized
values, expected by the d-band model, close to the peak of
volcano curve. The comparative studies of CO2 adsorption and
reduction have also demonstrated the optimized activity. It is in
excellent agreement with the expectations of the d-band model.
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The computational details, formation energies of various
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‡School of Engineering and Science, Jacobs University Bremen, Campus Ring 1, 28759 Bremen, Germany

*S Supporting Information

ABSTRACT: First principles calculations are performed to investigate
CO2 adsorption and reduction on Ag(111)/ZnO(0001) surfaces and
interfaces. First, the pristine Ag(111) surface turns out to be quite noble for
CO2 adsorption, as its d-band states are located well below the Fermi level.
The d-band states of the Ag(111) surface are subject to a tensile strain
slightly shifting toward the Fermi level. However, the d-band center is still
far away from the Fermi level. A critical change of the d-band states is
obtained when the stretched Ag(111) monolayer is supported on the
ZnO(0001) substrate. The binding ability between the supported Ag(111)
monolayer and CO2 molecule is an intermediate strength. Thus, the CO2

reduction in the subsequent hydrogenation process is optimized as well.
Furthermore, we demonstrate that the stretched Ag(111) monolayer
supported on the ZnO(0001) substrate is indeed stable under H2-rich
conditions. This surface can even maintain the improved ability for CO2 adsorption and reduction in the presence of Zn
impurities.

■ INTRODUCTION

CO2 chemistry has become a very attractive field with not only
environmental concerns but also the potential utilization of
CO2 as an alternative and economical feedstock for fuel
production.1 CO2 reduction is an important approach to
recycle the anthropogenic CO2 emission. However, it is still a
challenging task to activate CO2 due to its robust stability.
Over the past several decades, our understanding why

particular catalysts are good for specific reactions has been
improved. The current challenge is to answer the inverted
problem; given that we need to catalyze a certain reaction
under a set of specified conditions, which material should we
choose? Theoretical descriptors are becoming more and more
important for computational design of catalysts. Therefore, the
d-band model was developed and served as an important
descriptor for understanding and predicting the reactivity of
catalysts.2 The variation in adsorption energy from one metal to
another is determined by the interaction between the adsorbate
and the surface. It turns out that, for transition metal surfaces,
the interaction is mainly affected by their d-band states. The
rule is that the higher in energy the d-band states are relative to
the Fermi energy of the metal surface, the stronger is the
interaction with the adsorbate states. The relevant mechanism
is that when the d-band states are close to the Fermi energy,
antibonding states can be pushed above the Fermi energy. This
response decreases the Pauli repulsion and increases the bond
strength between the adsorbate and the metal surfaces. For
these metals with the same d-orbitals occupancy, the coupling
matrix element between the adsorbate and the d-orbitals of

metal surfaces determines their reactivity. The larger the
adsorbate−metal d coupling matrix element is, the stronger is
the Pauli repulsion. Therefore, the noble metals are always
located at the right corner in the periodic table. In the group IB,
a close-packed Ag(111) surface possesses the deepest-lying d-
band states of −4.30 eV relative to its Fermi energy, in
comparison with Cu (−2.67 eV) and Au (−3.56 eV).3

However, a small adsorbate−metal d coupling matrix element
between the Ag(111) surface and adsorbates, e.g., carbon and
nitrogen, cannot push antibonding states above its Fermi
energy. Hence, it results in the extremely noble Ag(111)
surface. Even the Ag(111) surface is slightly more noble than
the Au(111) surface for carbon and nitrogen adsorbates. It
sounds unwise if one wants to make extremely stable CO2

molecule activated on the Ag(111) surface.
For most chemical reactions, we need an intermediate

interaction between the adsorbate and metal surfaces. It is
reflected in the well-known volcano curve.4 The first step of
CO2 reduction is to break a C−O bond where a strong bond
between the CO2 adsorbate and catalyst is needed. In contrast,
a weak CO2 adsorbate−catalyst bond is preferred for the
subsequent hydrogenation process. Thus, the intermediate
adsorption strength is required in order to achieve optimized
CO2 dissociation and the subsequent hydrogenation. Liu et al.5

have found a significant trend, on the basis of a comparative
study for 3d series transition metals (Fe, Co, Ni, and Co(100)
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surfaces), where calculated adsorption energies exhibit in the
order of Fe (−1.45 eV) < Co (−0.42 eV) < Ni (−0.05 eV) <
Cu (+0.75 eV). The developed Brøsted−Evans−Polanyi (BEP)
relationship5 was also in agreement with such trend. This trend
is quite consistent with the d-band model analysis, too.
According to the volcano curve, the CO2 adsorption energy
for an optimal catalyst can be obtained between −0.42 and
−1.45 eV. Although the reactivity of metal surfaces is
contributed from both structural and electronic properties,
the optimal adsorption energy values are varying from one
surface to another. This energetic range can be still served as a
significant reference for computational design of catalyst for
CO2 conversion.
For heterogeneous catalyst, a lot of attention has been

focused not only on pure metals but also on oxides supported
catalysts.6 As the activity of supported catalysts can be
improved sufficiently through the strong metal−support
interaction (SMSI),7 in comparison with metal surfaces alone,
there are numerous successful applications in this field,6 e.g.,
the industrial Cu/ZnO/Al2O3 catalyst.

8 However, the chemical
mechanism of the SMSI is not understood thoroughly to date.
It can also differ from one supported catalyst to another. In
addition, the optimal catalysis is usually obtained by ways of
manipulating their electronic structures. As the lattice constant
of a metal surface mismatch with its support, it can result in an
interface strain. The interface strain, therefore, leads to upshifts
or downshifts of its d-band states. Mavrikakis et al.9 have
demonstrated that a small tensile strain can cause upshifts of
the d-band states for a Ru(0001) surface. As a result, the
dissociative energy of CO molecule on the stretched Ru(0001)
surface can be reduced. Zinc oxide (ZnO) possesses a
hexagonal structure, in the crystal plane perpendicular to the
ZnO [0001] direction, with a larger lattice constant with
respect to the Ag(111) surface. Thus, the tensile strain in the
Ag(111)/ZnO(0001) interface can probably tune the d-band
states of the Ag(111) surface. However, the critical issue is
whether the SMSI effect can improve the reactivity of the
Ag(111)/ZnO(0001) surfaces to capture an extremely stable
CO2 molecule; it is an open question so far.
In this article, we have first studied the CO2 adsorption on

the pristine Ag(111) surface as a reference. Meanwhile, the
CO2 activity on the Ag(111) surface subject to a tensile strain
of 14% was investigated, too. The d-band states of the stretched
Ag(111) surface are shown to be shifted upward slightly. The
CO2 activity on the stretch Ag(111) surface is similar to that on
the pristine one. Then, we made further investigations with the
stretched Ag(111) surfaces supported on the ZnO(0001)
substrate. Here, it still remains an identical tensile strain
compared with the previously stretched Ag(111) surface. In
order to understand the extension of the SMSI effect, we have
already considered trilayers, bilayers, and monolayer of the
Ag(111) surfaces supported on the same ZnO(0001) substrate.
Hereafter, these abbreviations, that is, m-Ag/ZnO, b-Ag/ZnO,
and t-Ag/ZnO surfaces, are adopted to refer to the Ag(111)
monolayer, bilayers, and trilayers supported on the ZnO(0001)
surface. On the one hand, we found the CO2 adsorption on the
m-Ag/ZnO surface is an intermediate binding strength.
Calculated results indicate this surface can serve as a catalyst
for the subsequent CO2 reduction. On the other hand, in order
to obtain an optimized efficiency of Ag utilization, we next turn
to investigate the stability of Ag-doped ZnO(0001) surface, that
is, the precursor of the m-Ag/ZnO surface, under H2-rich
condition, as well as this surface with a certain amount of Zn

impurities. In addition, we have also studied the CO2

adsorption and reduction on the m-Ag/ZnO surface with
certain Zn impurities. Calculated results show the reactivity of
the m-Ag/ZnO surface to be quite stable in the presence of Zn
impurities. This can propose a strategy to optimize the
efficiency of Ag utilization.

■ COMPUTATIONAL SECTION

The pristine and stretched Ag(111) surfaces have been
investigated using infinite periodic thin slab models with the
relevant [111] orientation and lattice constants of 2.89 and 3.29
Å, respectively. These studied active sites for CO2 adsorption
are represented in Figure 1a. For Ag(111)/ZnO(0001) models,

the m-Ag/ZnO(0001) surface is exemplified to be shown in
Figure 1c,d. Last but not least, the Ag-doped ZnO(0001)
surface models were constructed to study the activation of the
catalyst precursor under H2-rich conditions. Hereafter, we will
use AgO/ZnO to abbreviate the Ag-doped ZnO nanoparticles.
For AgO/ZnO(0001) surfaces, we have first considered five
uniform concentration gradients of Zn impurities, namely, in
the range of 0−100 atom %, corresponding to the
stoichiometry of the first cationic layer, namely, Ag4, Ag3Zn1,
Ag2Zn2, Ag1Zn3, and Zn4. The Ag2Zn2 case is exemplified to be
shown in Figure 1e. Furthermore, we took four oxygen vacancy
(VO) concentrations, that is, sVO (25%), dVO (50%), tVO

(75%), and qVO (100%), into account for all studied AgO/
ZnO(0001) surfaces. For all models, these studied active sites
for CO2 adsorption are equivalent with those on the pristine
Ag(111) surface.
Kohn−Sham equations were solved by using the linear

combination of atomic orbitals (LCAO) method, implemented
in CRYSTAL09 code,10 with local Gaussian-type basis
functions for all elements Zn,11 Ag,12 O,13 C,14 and H,15

respectively. We used the Perdew−Burke−Ernzerhof (PBE)
functional16 at the level of the generalized gradient approx-
imation (GGA) for electronic exchange-correlation interac-
tions. Computational details are given in the Supporting
Information.

■ RESULTS AND DISCUSSION

The adsorption energies were calculated by

μ= − −E E Ead total clean CO2 (1)

where the energies of the pristine and stretched Ag(111)
surfaces, the t-Ag/ZnO, b-Ag/ZnO, and m-Ag/ZnO surfaces
are defined by Eclean, and Etotal indicates the total energies of

Figure 1. Top views of the (a) pristine Ag(111) surface, (b) perfect
ZnO(0001) surface, (c) m-Ag/ZnO surface, and (e) perfect Ag2Zn2
surface. (d) Side view of the m-Ag/ZnO surface. Zn: blue; O: red. The
Ag atoms on surface and subsurface are denoted in white and gray
spheres, respectively. All studied active sites of CO2 adsorption are
represented in the letters of t (top), h (hcp), b (bridge), and f (fcc).
Chemical bonds are denoted in bold lines.
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CO2 adsorbed on the corresponding surfaces. The chemical
potential of CO2 was referred to its gaseous molecule. A
negative value of the adsorption energies indicates an attractive
interaction. The calculated adsorption energies indicate the
binding between CO2 molecule and the pristine Ag(111)
surface is quite weak (−0.28 eV/CO2). This is in agreement
with experimental observations,17 where measured electron
energy loss spectra (EELS) indicate a CO2 molecule is just
physisorbed on the Ag(111) surface. It can also be interpreted
with the projected d-band states shown in Figure 2a. The d-

band center (−4.2 eV) is well below the Fermi level, which
results in a remarkable occupied antibonding states. Thus, the
d-band states of the pristine Ag(111) surface prefer to repulse
dramatically the CO2 molecule. For metal surfaces subject to
certain strains, the overlap of d-band states at neighboring sites
will either increase or decrease. The strains also influence its d-
band widths. The d-band states move in energy to maintain a
constant occupancy. Therefore, for the Ag(111) surface subject
to a tensile strain, the tensile strain leads to upshifts of the d-
band center. This is evident in the calculated P-DOS
represented in Figure 2b. However, the d-band states shift of
the stretched Ag(111) surface is only slight (0.2 eV). The
binding strength of the CO2 molecule with the stretched
Ag(111) surface is not essentially improved (−0.40 eV/CO2).
Calculated adsorption energies for all studied surfaces are
shown in Table 1. In addition, there is a similar behavior for the

b-Ag/ZnO and t-Ag/ZnO surfaces. The d-band center of the t-
Ag/ZnO surface is just slightly shifted toward the Fermi level,
which is comparable with the stretched Ag(111) surface
without a ZnO(0001) substrate. Significant and positive
changes of the d-band states were observed in the m-Ag/
ZnO interface. Partial d-states are shifted significantly up to the
energy level of −2.0 eV. There are also more localized d-states
appearing between the Fermi level and its d-band center
(Figure 2d). Hence, the SMSI effect between the Ag(111)
surface and the ZnO(0001) surface is not an extended
interaction, but just confined at the interface. Calculated CO2

adsorption energies and geometries are also in agreement with
the d-band states features shown in Table 1 and Figure S2 of
the Supporting Information. Because the adsorption energies
are quite intermediate in strength around −1.0 eV/CO2, we
performed further calculations to investigate the subsequent
CO2 reduction on the m-Ag/ZnO surface.
In Figure 3, the reaction energies of hydrogenation process

from CO2 to methanol are shown. The CO2 molecule can be

cleaved at the first step of hydrogenation with the reaction
energy of −1.37 eV/CO2, with respect to the clean m-Ag/ZnO
surface and gaseous CO2, H2O, and H2 molecules. Its reaction
barrier can be estimated with the fitted BEP relationship by Liu
et al.5 It is in agreement with the previous analysis of CO2

adsorption, too. Thus, the CO2 activity on the m-Ag/ZnO
surface is close to that on the Co(100) surface.5 Furthermore,
the CO2 dissociation is a hydrogen-assisted reaction on the m-
Ag/ZnO surface. Therefore, this process can be improved
significantly by means of tuning the experimental pressure of
H2 gas. After the second step of hydrogenation, the whole m-
Ag/ZnO surface is rich of adsorbed hydroxyl and hydrogen
groups. It can be expected there is an essential difference in a
humid and dry environment (see Figure 3). The two curves
from COH* to CH3OH are almost parallel for both dry and
humid conditions. The energetic difference is exactly the energy
gain from H2O dissociation on the m-Ag/ZnO surface. The
humid condition does not improve the CO2 activation directly
but stabilizes the m-Ag/ZnO surface by H2O dissociation.
Therefore, this is an important and indirect improvement for
CO2 reductions. In the remainder, we will analyze this influence
for the AgO/ZnO based catalysts in the presence of H2 gas.
In previous experiments, the magnetron sputtering technique

is available to deposit an Ag(111) film on the ZnO(0001)
substrate.18 The layered Ag/ZnO interface is free of defects.

Figure 2. Projected d-band states are shown for the Ag atoms on (a)
the pristine Ag(111) surface, (b) the Ag(111) surface with a tensile
strain of 14%, (c) the t-Ag/ZnO surface, and (d) the m-Ag/ZnO
surface. The Fermi level was specified to 0 eV for all models.

Table 1. Calculated Adsorption Energies of CO2 Molecule,
Ead, Are Given for All Studied Surfaces Including the Pristine
and Stretched Ag(111) Surfaces, the t-Ag/ZnO, b-Ag/ZnO,
and m-Ag/ZnO (Ag4) Surfaces, and the m-Ag/ZnO Surfaces
with a Certain Amount of Zn Impurities, Namely, Ag3Zn1,
Ag2Zn2, and Ag1Zn3 (eV/CO2)

surfaces hcp fcc top bridge

pristine Ag(111) −0.10 −0.18 0.06 −0.28

stretched Ag(111) −0.37 −0.38 −0.40 −0.38

t-Ag/ZnO 0.03 −0.26 0.12 −0.26

b-Ag/ZnO −0.05 −0.21 0.10 −0.27

m-Ag/ZnO (Ag4) −0.49 −0.20 −0.70 −0.96

Ag3Zn1 −0.05 0.64 −0.75 −0.84

Ag2Zn2 −0.92 −0.41 −0.64 −0.93

Ag1Zn3 −0.99 −0.72 −0.49 −1.24

Figure 3. Reaction energies of hydrogenation process from CO2 to
methanol on the m-Ag/ZnO surface. The red and black curves
correspond to the humid and dry conditions, respectively. The
reaction energies are referred to the clean m-Ag/ZnO surface and
gaseous CO2, H2O, and H2 molecules. The asterisk is to clarify the
adsorbed species.
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But it contains many heterophase interfaces, which generate
dramatic strains due to the lattice mismatch as we have
analyzed. Therefore, the formation of a coherent (1 × 1) Ag/
ZnO interface with thick Ag overlayers is expected to be
difficult since it would be highly instable. Indeed, the coherent
(1 × 1) interface had not been observed in any previous
experiment. In addition, it does not make sense either because
the thick Ag overlayers are not active for CO2 adsorption.
However, we found the m-Ag/ZnO, b-Ag/ZnO, and t-Ag/ZnO
interfaces are indeed stable because the Ag overlayers are
extremely thin (see Table S4). Mulliken charges analysis
indicates there is charge transfer of 0.12 electron at these
interfaces, accompanied by forming strong Ag−O bonds.
However, there are no any interface interactions propagating
to the second and third overlayers. In short, the optimized
catalysis can be achieved on an extremely dispersed Ag(111)
monolayer supported on the ZnO(0001) substrate.
For realistic m-Ag/ZnO systems, the m-Ag/ZnO is finite with

some edge states. Thanks to high energetic edge states, the m-
Ag/ZnO surface can be reconstructed. The observed tensile
strain in experiment should be smaller than 14% in our
theoretical model. However, we would point out that the
tensile strain of 14% is not necessary for activating the Ag(111)
surface (Table 1). In contrast, the calculated m-Ag/ZnO is
active for CO2 adsorption, but the stretched one is not. That
suggests the activation is not due to stretching but the oxygen-
terminated support. Therefore, the CO2 activity on the
reconstructed m-Ag/ZnO surfaces should not be influenced.
On the one hand, for the industrial Cu/ZnO/Al2O3 catalyst,

it is prepared by a coprecipitation technique.19 The structural
evolution during activation of the catalyst has been
characterized thoroughly with several in situ experimental
techniques, where the Cu atoms first were present in the form
of substitutional Cu2+ in the CuO/ZnO solid solution, as
determined with in situ resonant X-ray diffraction and EELS
techniques. Then, the Cu atoms were extracted from the CuO/
ZnO solid solution under the reductive atmosphere, accom-
panied by forming metallic Cu crystallites. On the other hand,
Li et al.20 had performed first principles calculations to
determine the local Ag-derived structures in Ag-doped ZnO
nanowires. Calculated formation energies are very low for Ag
dopants at substitutional-Zn sites under both cases of low and
high Ag dopants concentration, but rather high at substitu-
tional-O and interstitial sites under O2-rich conditions. It was
also validated in the latest combinational calculations and
measurements that the dominant Ag dopants are substitution
for the Zn sites.21 Therefore, we considered further a similar
strategy to improve the dispersion of Ag atoms on the
ZnO(0001) surface. The critical issue is if the AgO/ZnO-based
precursor can be activated spontaneously in practice. Moreover,
we have to consider the m-Ag/ZnO with a certain amount of
Zn impurities in this experimental technique. In this work, we
assume the CO2 reduction is performed in the presence of
gaseous H2 atmosphere. Then, we performed calculations to
investigate the stability of AgO/ZnO(0001) surfaces. For-
mation energies of VO defects on AgO/ZnO(0001) surfaces are
defined by

∑ μ= + −E
A

E n E
1
[ ]f d O O p (2)

where Ep and Ed indicate energies of perfect AgO/ZnO(0001)
surfaces and these surfaces with VO defects, with respect to

surface area, A, respectively. Chemical potentials of surface
oxygen are estimated under the O2-rich and H2-rich conditions.
For the Ag4 (m-Ag/ZnO) case, it prefers to be reduced

completely, accompanied by a number of VO defects formed
under H2-rich condition (see Figure 4). That means the AgO/

ZnO based catalyst can be activated in the Ag4 case to generate
the m-Ag/ZnO surface. Herein, the Ag4 surface is equivalent
completely to the above m-Ag/ZnO surface. The detailed
structures of all reduced AgO/ZnO (0001) surfaces are given in
Figure S3. In the presence of Zn impurities, the Ag3Zn1 and
Ag2Zn2 surfaces with qVO defects are also stable under H2-rich
condition. However, for the Zn4 case, it does not prefer to be
reduced completely to produce a metallic Zn monolayer.
Because the Ag element possesses full occupied d-orbitals (d10),
hence, the Ag1+ is more stable rather than Ag2+ cation.
However, the Ag substitution for Zn atoms can introduce Ag2+,
instead of Ag1+, into the ZnO wurtzite structure. Therefore, the
Ag dopants are more favorable on surfaces with less
coordination, in way of the VO defects formation. This
mechanism is consistent with the synergistic effects recently
found on the Cu/ZnO(0001) surface.22 In addition, accom-
panied by the reduction of the AgO/ZnO(0001) surface, one of
the reduced products, H2O, is likely to be adsorbed and
dissociated on the Ag4 (m-Ag/ZnO) surface. In Figure 3, the
calculated two reaction paths indicate the humid condition
provides a quite improved condition for subsequent hydro-
genation from the CO* species to methanol. Hence, the AgO/
ZnO(0001) surface can indeed serve as an optimized precursor
of catalyst for CO2 reduction in the presence H2 gas. Moreover,
there are a comparable adsorption ability with the Ag4 surface
(−0.96 eV/CO2), namely, −0.84 eV/CO2 for the Ag3Zn1
surface and −0.93 eV/CO2 for the Ag2Zn2 surface. Further
calculations for the subsequent hydrogenation indicate the Zn
impurities do not result in a negative influence for CO2

reduction. All hydrogenation steps are quite preferable on
both Ag3Zn1 and Ag2Zn2 surfaces. Detailed reaction energies of
hydrogenation on the Ag3Zn1 and Ag2Zn2 surfaces are given in
Table S6. As a consequence, for the AgO/ZnO-based catalysts,
the efficiency of Ag utilization can be improved further, in
comparison with a deposited Ag(111) monolayer on the
ZnO(0001) substrate. In short, the Ag dopants can facilitate the
VO defects formation and generate certain metallic monolayers.
Meanwhile, the d-band states of these metallic monolayers are
quite optimized for CO2 adsorption and reduction. Therefore,

Figure 4. Phase diagram of full reduced AgO/ZnO(0001) surfaces,
namely, the AgO/ZnO(0001) surfaces with qVO defects, under the H2-
rich and O2-rich conditions. The dashed line indicates the perfect
AgO/ZnO(0001) surfaces.
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the catalysis of the Ag(111)/ZnO(0001) surfaces is improved
by the synergetic effects.

■ CONCLUSION

In conclusion, we have first studied the d-band states of pristine
Ag(111) surface and the same surface subject to a certain
tensile strain. It has been found slight upshifts of the d-band
states occurs for the stretched surface, in comparison with the
pristine one, as expected with the d-band model. However, the
CO2 adsorption on the stretched surface is still too weak to
initiate the subsequent CO2 conversion. Because of the strong
metal−support interaction, the stretched Ag(111) monolayer
supported on the ZnO(0001) substrate can bind with a CO2

molecule at an intermediate strength. Therefore, we have
further investigated the CO2 reduction on the Ag(111)
monolayer with the ZnO support. It was demonstrated that
this surface can serve as an optimized catalyst for CO2

reduction. Furthermore, we have studied the phase diagram
for Ag-doped ZnO(0001) surface under H2-rich and O2-rich
conditions, respectively. The fully reduced Ag-doped ZnO-
(0001) surface, which is equivalent to the above m-Ag/ZnO
surface, is shown to be indeed stable in the presence of a
gaseous H2 atmosphere. The reactivity of CO2 adsorption and
reduction on the surfaces does not turn out to be influenced by
the Zn impurities. Instead, the efficiency of Ag utilization can be
improved significantly using Ag-doped ZnO as a catalyst
precursor.
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