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ABSTRACT: Well crystallized gamma alumina (γ-Al2O3) with high thermal
stability is as an important catalyst support. A series of first row transition metal
(TM) doped aluminas with ordered mesoporous structures and homogeneous
distribution of TM in the bulk structure has been synthesized by a one-pot method.
The structures are studied by powder X-ray diffraction (XRD) and transmission
electron microscopy (TEM), while the electronic properties are explored by X-ray
photoelectron spectroscopy (XPS), valence band XPS, and UV−vis spectra. To
explore the influence of TM dopants on atomistic properties (bond length, charge
state, band edge, and redox properties) of γ-Al2O3, the cation distribution of TM
dopants is studied in detail by combining experiments and density functional theory
(DFT) calculations. The cooperative effect of TM dopants and intrinsic defects in
γ-Al2O3 induces a doping mechanism distinct from that in other spinel oxides; the
concentration of Al vacancies (VAl) decreases with increasing atomic number of the
TM dopant as a result of charge compensation effects. Such variation could be used
to tailor the properties and alter the reactivity of γ-Al2O3.

■ INTRODUCTION

The defect spinel alumina, γ-Al2O3, which has lower surface
energy than α-Al2O3 and becomes thermodynamically stable at
surface areas greater than 75 m2/g,1 is an important support
material in industry. Since the morphology and acid−base
characteristics of alumina are beneficial in various catalytic
applications, such as petroleum refining, automobile emission
control, and environmental remediation,2−4 there has been
great interest in obtaining well-defined mesoporous aluminum
oxides (MA) with high surface area and pore volume.5−11 The
γ-alumina support, inherently inert as an unreducible oxide but
a good host for reactive catalytic materials, can replace other
supports in many fields. For example, the more active character
of Aun/Al2O3 over Aun/TiO2 for partial oxidation of propene
was demonstrated.12

Catalysis by doped oxides is an emerging field.13 It is well-
known that the structural and electronic properties of reducible
metal oxides such as TiO2,

14−16 ZnO,14,17−21 and CeO2 can be
tailored by doping of various metal elements. To improve
support performance, doping of transition metal (TM) ions,
such as Ti,22 Cr,23 Mn,24,25 Fe,26 Co,27−29 Ni,27,30 Cu,27,31 and
Zn,32 in alumina has been carried out. Recently, the successful
preparation of mesoporous alumina (MA)33 has enabled one-
pot synthesis of TM doped alumina with well-developed
mesoporosity. The one-pot method gives homogeneously

distributed metal dopants in the alumina structure and inhibits
the aggregation of metal dopants as well as the formation of
metal oxides or metal aluminate spinels.34−36 Such doping,
throughout the material rather than just at its surface, will alter
the thermal stability, isoelectric point, and electronic properties.
Such ordered mesoporous alumina with controllable pore size
exhibits size selectivity for different molecules,33 and its thermal
stability increases with metal doping.35 It is expected that the
well dispersed metal dopants in mesoporous γ-Al2O3 will
modify the intrinsic properties of the alumina support and may
play a similar role as Mo/Cr charge donors in CaO/MgO
adsorbed on gold.37 Various dopants, such as Mg, Ca, Ni, Ti,
Cr, and K, were explored recently,35,38−40 and inorganic salts
were also used as precursors.36 However, the detailed geometric
and electronic structures of these materials are still poorly
known.
Decades ago, the cation distribution in spinels was discussed

in terms of crystal field theory, and the orbital splitting was
determined from optical and magnetic data.41 After the
development of thermodynamic models for the cation
distribution,42−44 a simple point-ion electrostatic model was
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proposed to explain the cation distribution.45 The doping rules
in spinel oxides were studied using an inverse design
approach.46 However, quantitative analysis of the cation
distribution for metal doping in γ-Al2O3 is still an unresolved
challenge due to the high concentration of defects, especially
cation vacancies. Recently, combined with experimental
analysis, we reexamined the structure of γ-Al2O3 using density
functional theory (DFT) calculations, and the doping
mechanism in the defect spinel structure was found to be
more complicated than that in other oxides.34

In this work, a series of TM-doped γ-Al2O3 phases with
ordered mesoporous structures has been synthesized and
characterized. The TM doping configurations and the influence
of TM doping on intrinsic defects are discussed on the basis of
DFT calculations. The cation distribution and the energetically
favorable structures are clarified by combining the computa-
tional and experimental observations. The analysis of electronic
structure, combining experimental characterization and DFT
calculations, indicates that the charge compensation effects,
nanoscale effects, and orbital splitting under different cation
distribution (octahedral (Oh) site or tetrahedral (Td) site, well
dispersed or aggregated, bulk or surface) are the key factors for
the doping mechanism. As a result, the cation vacancy
concentration decreases with increasing atomic number of the
TM dopant and the electronic structure and optical properties
of γ-Al2O3 can be tuned by the well dispersed TM dopants.

■ EXPERIMENTAL METHODS
Synthesis. Mesoporous Al2O3 samples were synthesized as

previously described.34 Transition metal-doped mesoporous Al2O3
(MA-7TM, T = Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) samples
were synthesized using a series of metal precursors. 2.0 g of pluronic
P123 or F127 (Sigma-Aldrich) was dissolved in ethanol (20 mL) under
stirring for 3 h to obtain solution 1. 0.84 g of citric acid (99.5%,
Sinopharm Chemical Reagent Co., Ltd.), 7.0 g of Al(NO3)3·9H2O
(99.5%, Sinopharm Chemical Reagent Co., Ltd.), and a small amount
of transition metal precursors were added into ethanol solution
stepwise under vigorous stirring to obtain solution 2. The following
different types of metal precursors were used for each doping element:
TiCl4, C10H14O5V, CrCl3·6H2O, MnSO4·H2O, Fe(NO3)3·9H2O/
FeSO4·7H2O, Co(CH3COO)2·4H2O/CoSO4·7H2O, NiCl2·6H2O,
Cu(CH3COO)2·H2O/CuCl2·2H2O, or Zn(NO3)2·6H2O (99.5%,
Sinopharm Chemical Reagent Co., Ltd.). TM/(TM + Al) values
were controlled to be 7 at % except that of MA-7(Cr + Zn), which was
synthesized using a 1:1 Cr to Zn ratio. Solution 2 was transferred to
solution 1, and 10.0 mL of ethanol was used to maximize the transfer
of metal precursors. The combined solution was covered with
polyethylene film and stirred for 5 h. The final solution was subjected
to slow evaporation at 60 °C in an oven for 3 days.

Characterization. Powder X-ray diffraction (XRD) patterns were
collected using a D/MAX2550VB+ X-ray diffractometer (Cu Kα, 2°
per min). Structural analysis was conducted by XRD using a Bruker
D8 diffractometer (Cu Kα, 40 kV, 30 mA). The sample was rotated at
15 rpm during data collection. Lattice parameters and crystallite sizes
were calculated by whole pattern fitting as implemented in Jade MDI
6.1 (Materials Data, Inc., Livermore, CA). N2 adsorption−desorption

Figure 1. Morphology and structure of some MA-7TM samples. (a) TEM image and (b) amplified image show the mesoporous structure of MA-
7Zn. HRTEM images show the mesopores and lattice structures for (c) MA-7Ti, (d) MA-7Mn, (e) MA-7Fe, (f) MA-7Cu, and (g) MA-7Zn. The
corresponding normalized image intensities and the average d (Å) at three directions on (222) surface are given. The numbers in brackets are the
nearest O−O distance.
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isotherms were measured at −196 °C using a Micromeritics ASAP
2010 adsorption analyzer. BET surface areas were determined from
the linear region of the BET plot (adsorption data in 0.05−0.30 range
of relative pressures). Pore size distributions were calculated from the
desorption isotherms by the Barrett−Joyner−Halenda (BJH) model.
Transmission electron microscopy (TEM) images were recorded using
a Tecnai G220ST electron microscopy operated at 200 kV. X-ray
photoelectron spectroscopy (XPS) spectra were collected using an VG
Multilab 2000 Spectrometer with Al Kα radiation (1486.6 eV). UV−
vis diffuse reflectance spectra were measured using a TU-1901
spectrophotometer equipped with an integrating sphere attachment
(IS 19−1). H2-TPR was performed on a FineSorb 3010 adsorption
system (Finetec, China). Sample was pretreated in an argon flow of 30
mL/min at 120 °C for 70 min and then cooled to room temperature.
TPR experiments were carried out in 10% H2/Ar (30 mL/min)
increasing the temperature from room temperature to 1000 °C (12
°C/min). The H2 consumption was monitored by a thermal
conductivity detector (TCD).
Computation. All calculations were carried out using the CASTEP

program (Cambridge Sequential Total Energy Package)47 based on
density functional theory (DFT). The generalized gradient approx-
imation (GGA) with the exchange-correlation potential by Perdew,
Burke, and Ernzerhof (PBE)48 was used in our calculations. Ultrasoft
pseudopotential plane wave formalism was applied for efficient
computation. An energy cutoff of 400 eV was used. Monkhorst-Pack
grids with 1 × 3 × 3 k points were used to calculate the accurate
density of electronic states for 3 × 1 × 1 supercell of γ-Al2O3 and 1 × 2
× 2 k points for 3 × √2 × √2 supercell. Similar density of k-points
was used for the pristine supercell of transition metal oxide and spinel
oxide. The self-consistent total energy in the ground state was
effectively achieved by the density-mixing scheme. The convergence
threshold for self-consistent field (SCF) tolerance was set to be 1.0 ×
10−6 eV/atom. The elements investigated in valence states are
O(2s22p4), Al(3s23p1), Ti(3s23p63d24s2), V(3s23p63d34s2), Cr-
(3s23p63d54s1), Mn(3d54s2), Fe(3d64s2), Co(3d74s2), Ni(3d84s2),
Cu(3d104s1), and Zn(3d104s2). We applied uspcc pseudopotentials
for Mn, Fe, Co, and Ni, while usp pseudopotentials were used for the
rest of the elements after testing. In geometry optimizations, all forces
applied on the atoms were converged to be less than 0.03 eV/ Å. The
total stress tensor was reduced to the order of 0.05 GPa, while the
maximum ionic displacement was limited within 0.001 Å.

■ RESULTS AND DISCUSSION
Structure and Morphology. The mesoporous γ-Al2O3

structures were obtained by using different types of transition
metal salt precursors. For each doping element, the samples
using different transition metal precursors (not shown) or
surfactants results in similar color (Figure S1). According to the
small-angle XRD (SAXRD) patterns (Figure S2), after TM
doping, all TM doped γ-Al2O3 (MA-7TM) (except V doped γ-
Al2O3) maintain the ordered 2D mesostructures with the spinel

alumina lattice showing one very strong peak at about 0.7° and
two broad signals at 1.6° and 2.0°. These peaks are
characteristics of the wormhole-like mesostructures (also see
the TEM image, Figure 1a) with high surface area (Table S1).
N2 adsorption−desorption on MA-7TM results in type IV

isotherms with sharp-rising, relatively narrow hysteresis loops
for all samples (see Figure S3), indicating relatively narrow pore
size distribution and open pore connectivity, and well-defined
mesoporosity. The HRTEM images demonstrate that the
highly ordered mesoporous structures are maintained upon TM
doping (Figure 1b). Although narrow pore-size distribution is
achieved for each MA-7TM, slight alteration of pore size is
observed as the TM dopant varies (Figure 1c−g). It is observed
that the mesostructure of MA-7TM varies with detailed
synthesis conditions (the calcination procedures, the type of
surfactant,33 aluminum precursor,33 and other metal precur-
sors35,36,40) as reported previously. Normally, the one-pot
method gives mesoporous alumina (MA) with surface area
decreasing with calcinations temperature and hold time,
resulting in the formation of amorphous alumina with surface
area of 300−400 m2/g (held at 400 °C for 4 h) or γ-alumina
with surface area of 150−250 m2/g (held at 900 °C for 1 h).33

Doping with other metal atoms at around 10 at % also leads to
a decrease of surface area to about 100 m2/g.35 The XRD
patterns confirm spinel structures of MA-7TM samples (Figure
S2). The MA-7TM samples possess strong reflections
compared with pure MA and the crystallinities are similar,
except for MA-7Ti, which is more poorly crystallized. We
attribute this to the increase of lattice vacancies under charge
compensation effect, as supported by DFT calculations in next
section. The crystallite sizes of MA-7TM give a trend of MA-
7Ti < MA-7Cr ≈ MA ≈ MA-7Fe < MA-7Mn ≈ MA-7Cu <
MA-7Ni ≈ MA-7Co ≈ MA-7Zn. However, the surface
crystallinity of some MA-7TM samples shows the trend as
MA-7Ti < MA-7Mn ≈ MA-7Fe < MA-7Cu ≈ MA-7Zn. The
surface lattice constants obtained from HRTEM for these
samples varies in a different way than the bulk lattice constants
from XRD using whole pattern fitting procedures (Table S1).

Spectroscopic Studies. The MA-7TM samples exhibit
characteristic colors and different optical absorption properties
(Figure 2a,b). While pure MA shows a band gap of around 3.5
eV49 with absorption edge similar to commercial γ-Al2O3, MA-
7TM samples show several absorption bands around 200−350,
350−500, and 500−750 nm. While the absorptions in the first
range are attributed to interband transitions (extended
adsorption edges), the absorptions in the second range are
mostly ligand−metal charge transfer (O 2p to TM 3d orbitals),

Figure 2. (a) Color, (b) UV−vis spectra, and (c) H2-TPR profiles of MA-7TM samples.
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and the last are attributed to the intraband d−d transitions
(TM(z±δ)+ ions in Oh or Td coordination). It is well-known
that TM doping in oxides such as TiO2, ZnO,

50 and other
oxides51−53 will introduce various optical absorption bands in
the visible range. Though the absorption bands of TM in γ-
Al2O3 are different from those in corundum,54 some well-
known bands for Cr3+, Co2+, and Ni2+ in spinel oxides55 can be
identified (Figure 2b, solid arrows). The color evolution
(related to electronic structure evolution) for the bulk doped
samples is distinctively different from that in surface doped
samples.31,38,56,57

The valence states of TM in MA-7TM samples are studied
by XPS analysis (Table 1, Figure S4). For the MA-7Ti sample,
the XPS Ti 2p core level is observed at 458.5 eV (Ti 2p3/2)
and 464.2 eV (Ti 2p1/2), which is characteristic of Ti4+.58 This
corresponds well with results from the PLA method.22 No Ti3+

species are observed, consistent with synthesis in an oxidizing
atmosphere. The major peaks of Cr 2p3/2 binding energies are
similar to those of Cr doped γ-Al2O3,

57,59 and the peaks from
579.0 to 577.0 eV can be assigned to Cr6+, Cr4+, and Cr3+,
respectively. The Mn 2p3/2 signals at 641.5 and 642.5 eV can
be assigned to Mn3+ and Mn4+ in their oxides25 or otherwise
assigned as the Mn2+ and Mn3+ in spinel oxides. When TM is
Fe or Co, assignment of the two 2p3/2 peaks is less clear.
These peaks were reported to be either TM3+/TM2+ or
TM(Oh)/TM(Td).26,28,60 The Ni 2p3/2 binding energies at
856.5 eV are characteristics of Ni2+ in the spinel structure.30

The Cu 2p3/2 peaks at about 933.6 and 934.6 eV are
characteristic of Cu+ and Cu2+ in γ-Al2O3 as reported

previously.34 The Zn 2p3/2 signal at 1022.2 eV is attributed
to Zn2+.32

According to the Al 2p and O 1s XPS signals in XPS spectra,
for the MA-7TM sample, there appear to be slight shifts relative
to undoped MA, from 74.4 to 74.0 eV for Al 2p and from 531.2
to 530.8 eV for O 1s (Figure S5). Mn doping increases the
binding energy of Al while Ti or Zn decreases it. Cr, Mn, Co,
Ni, or Cu doping increases the binding energy of O while Ti or
Zn decreases it. Such phenomena probably suggest that,
compared to pure MA, the chemical states of Al and O atoms in
MA-7TM may partially self-balance to fine-tune their local
environments in which electrons are donated or accepted upon
substitution of Al3+ by TM.
Temperature-programmed reduction (H2-TPR) experiments

were performed. The TPR profiles for pure transition metal
oxide (TMO) or supported TMO have already been widely
studied, and the reduction temperature varies with TMO type,
crystallite size, and their interaction with γ-Al2O3 sup-
port.56,59,62 Compared to the surface doped case, the reduction
abilities of MA-7TM catalysts are highly influenced by the
homogeneously distributed TM dopants, showing a narrow
reduction temperature range (Figure 2c). The reduction
temperature is also elevated by the incorparation of TM into
the structure, which also results in the lack of reduction of Cr in
contrast to the surface supported case.59

Computational Results. Structure. γ-Al2O3 is a nanophase
with typical crystallite size of 10 to 100 Å. Due to the poor
crystallinity of γ-Al2O3, the exact crystallographic structure,
whether spinel34,63−66 or nonspinel,67,68 was in debate. Since

Table 1. Binding Energy (eV) and Calculated Mulliken Charge (e) of TM in Corresponding Metal Oxides (MO), Spinel Oxides,
and MA-7TM Samplesa

Ti Cr Mn Fe Co Ni Cu Zn

MO TiO2 CrO3 MnO2

Ti2O3 CrO2 Mn2O3 Fe2O3 Co2O3

Cr2O3 Mn3O4 Fe3O4 Co3O4 Ni2O3 CuO
MnO FeO CoO NiO Cu2O ZnO
MnAl2O4 FeAl2O4 CoAl2O4 NiAl2O4 CuAl2O4 ZnAl2O4

binding energy in
MO61

458.5 579.5 642.6
456.8 577.0 641.7 711.3 781.3

576.0 641.1−641.9 710.8 780.7 855.8−856.0 933.9
640.8 709.6 780.2 855.0 932.7 1021.5
641.30 710.0 780.6−781.1 855.9−857.0 934.7−935.0 1021.7

charge in MO 1.33 1.16 1.05
1.02 1.03 0.98 1.11 0.85

0.92 0.91(Td),
0.91(Oh)

0.99(Td),
0.93(Oh)

0.71(Td),
0.83(Oh)

/ 0.62

0.80 0.75 0.72 0.63 0.33 0.82
/ 0.86(Td) 0.83(Td) 0.65−0.73 0.75(Td) 0.80(Td)

binding energy in
MA-7TM

458.5 577.0−579.0 641.5−642.5 711.3−712.3 781.7 856.5 933.6−934.6 1022.2

charge of TMZ+

(Z = 4, 3, 2, 1) in
MA-7TM

1.46(Oh) 1.24(Oh) 1.06(Td),
1.14(Oh)

1.28(Oh) 1.16(Oh) 1.04(Td),
1.13(Oh)

1.13(Td),
1.20(Oh)

0.90(Td),
0.96(Oh)

0.89(Oh)

0.96(Td), / 0.90(Td),
0.96(Oh)

0.82(Td),
0.87(Oh)

0.78(Oh) 0.73(Td),
0.81(Oh)

0.90(Td)

0.36(Td),
0.58(Oh)

oxidation state of
TM in MA-7TM

Ti4+ Cr4+ Mn4+

Ti3+ Cr3+ Mn3+ Fe3+ Co3+ Ni3+

Fe2+ Co2+ Ni2+ Cu2+ Zn2+

Cu1+

aThe oxidation states of TM in MA-7TM samples as deduced by comparing the calculated Mulliken charge (e) and binding energy (eV).
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the spinel model gives the best fit to bulk features34 (broadened
peaks attributed to lattice distortion), the spinel structure of γ-
Al2O3

69 with the space group Fd3 is adopted for DFT
calculations (Figure 3a). In order to satisfy the stoichiometry, 8
Al vacancies (VAl) are needed for a 3 × 1 × 1 supercell. The
charge compensation is achieved by introducing an intrinsic
defect, i.e., an VAl at Oh site, or interstitially adding an extra Al
atom (IAl, these IAl which are indistinguishable from normal Al
on cation sites can be called pseudointerstitial Al atoms) into
the VAl site of the defective spinel lattice, to maintain the
electrical neutrality. (x Oh, 8 − x Td) configuration represents
that there are x VAl at Oh site (VAl(Oh)) and 8 − x VAl at Td site
(VAl(Td)) of γ-Al2O3. (x Oh, 8 − x Td + VAl) or (x Oh, 8 − x Td
+ IAl) configuration represents introducing one VAl or IAl at the
Oh site of γ-Al2O3.
While different distributions of aluminum ions and vacancies

over octahedral and tetrahedral sites have been observed in
different γ-Al2O3 samples,34,70−72 DFT studies found that the
formation energy of Al vacancies at Oh sites is slightly higher
than for Td sites,73−76 increased by 0.1 eV (per Al2O3 unit) for
Al(Oh) occupation from 62.5% to 72% (x from 8 to 2).34 This
calculated energy difference is small enough to be consistent
with variations in distribution seen in synthetic samples,
particularly since configurational entropy also plays a role,
favoring more disorder (Table S2). After correcting the
overestimate of PBE functional for Al−O using corundum as
a reference, the difference between experimental and calculated
lattice parameter of γ-Al2O3 is less than 0.008 Å, which is close

to experimental error. There are some major changes in the
nano γ-Al2O3 structure, increase of the surface area, change of
the surface groups (dangling bonds, hydroxylation), increase of
Oh/Td ratio, and formation of extra defects which are charge
balanced by surface groups. Hence, some metastable config-
urations with VAl occupying Td sites, which have slightly higher
formation enthalpies, can be stabilized in nanoparticles,34 and
the lattice constants will shrink due to the charge balance from
surface groups.
The major difference in the calculated Al−O bond

distribution configurations is that a higher Al(Oh) vacancy
concentration leads to a longer Al−O bond length (Figure 3b),
since the majority of Al−O bond lengths over 1.90 Å are
contributed by Al(Oh)−O (Figure 3c). The most important
factor contributing to the different cation distribution
associated with TM doping in γ-Al2O3 and other alumina-
based spinel oxides is the variable and highly disperse Al−O
bond length distribution. The optimized Al−O bond lengths
range from approximately 1.7 to 2.2 Å, reflecting more variable
bonding due to disorder and cation vacancies. Illustrating these
differences, there is only a very narrow distribution of Al(Oh)−
O bond lengths in ZnAl2O4 (a normal spinel with no
tetrahedral aluminum or octahedral zinc) compared to γ-
Al2O3 (Figure 3d).

Electronic Structure. The electronic structure changes upon
metal doping are complicated due to several potential
competing factors: (1) the variation of the oxidation state Z
of TMZ+ dopants and the spin state of the TM, (2) the cation

Figure 3. (a) The structure of γ-Al2O3 and the lattice constants variation under (x Oh, 8 − x Td) configurations with charge compensated IAl or VAl.
The Al(Oh)/Al(Td) sites (purple), TMZ+ dopants (brown), and intrinsic defects IAl (blue), and VAl(Oh), VAl(Td), and VO (red) are highlighted.
Electron density around VAl sites is given, with the contour line ending at 0.02 e/Å3. An overestimate of lattice constants by 1.01 is corrected by
comparing cal/exp (4.805 Å/4.759 Å) results of corundum (rhombohedral cell). (b) Bond length distribution of γ-Al2O3 with (8 Oh, 0 Td) or (0
Oh, 8 Td) configuration. (c) Bond length distribution of (8 Oh, 0 Td) γ-Al2O3 and the corresponding Al(Oh)−O and Al(Td)−O bonds. (d) Bond
length distribution of (8 Oh, 0 Td) γ-Al2O3 and ZnAl2O4.
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distribution of TMZ+ at Oh and Td sites, where the interaction
between cations is distance dependent due to coulomb
screening effects, and (3) the vacancy content governed by
TM doping and resulting charge balance and stoichiometry
constraints. Two schemes of charge compensation are
considered: In one case, an Al3+ ion is replaced by TMZ+ ion
and the charge balance is achieved by adding n = Z − 3 charge
to the background system, forming (x TM(Oh) + VAl

S) or (x
TM(Oh) + IAl

S) configuration with charge compensation by VAl
or IAl at the surface (Table S3). In the other case, three Al3+

ions are replaced by TMZ+ ions; one VAl is added to
compensate three TM4+ dopants, or one IAl is added to
compensate three TM2+ dopants in the system, forming (3
TM4+(Oh) + VAl) or (3 TM

2+(Oh) + IAl) configuration (Table
S4). DFT calculations (Figure S6) for Ti3+(d1), V3+(d2),
Cr3+(d3), Mn3+(d4), Fe3+(d5), Co3+(d6), Ni3+(d7), Cu3+(d8),
and Zn3+(d9) in Oh or Td symmetry imply that the split energy
levels are influenced by the spin polarization configurations,
especially for Fe and Co. The orbital splitting between eg
orbitals and t2g orbitals under HS configurations are much
stronger than LS configurations. Except for Ti and Zn, the d−d
transition of TMZ+(Td) species is always from eg orbitals to the
t2g orbital, while that of TM

Z+(Oh) species is from the occupied
t2g orbitals (dxy, dyz, and dzx) to unoccupied eg orbital (dx2−y2
or dz2, depending on its local structural distortion). The PDOS
for the predominant species in TM doped γ-Al2O3 structures,
TM4+ (Ti4+(Oh), Cr3+ő(Oh), and Mn3+ő(Oh)), TM3+

(Cr3+(Oh), Mn3+(Oh), and Fe3+(Oh)), or TM2+ (Co2+(Td),
Ni2+(Oh), Cu2+(Oh), and Zn2+(Td)), are shown in Figure 4.
Losing electrons to intrinsic defects VAl seem to change

Ti3+(d1) species to Ti4+(d0) species, Cr3+(d3) species to
Cr6+(d0) species, and Mn3+(d4) species to Mn4+(d3) species.
The transfer of electrons from Ti3+(d1) species to VAl will
compensate the acceptor type dopant of VAl, leading to the
formation of Ti4+(d0), and make the electronic structure similar
to TiO2. In the same way, the Cr6+(d0) doping will make
alumina more like CrO3 though the orbital splitting of
Cr6+(Oh) is larger than that in CrO3. The orbital splitting
between eg orbitals and t2g orbitals of Mn4+(d3) and Ni2+(d8) in
spinel alumina is similar to that in ZnO or TiO2,

14,77 while that
of Fe3+(d5), Co2+(d6), and Zn2+(d10) is much larger than in

their own oxides. The occupation of the highest eg orbital by
the electrons from IAl will lead to Cu+(d10) species with fully
occupied d orbitals. It is observed that gaining electrons from
intrinsic defects, such as IAl, seems to reduce the orbital splitting
between occupied t2g orbitals and the highest unoccupied eg
orbital since the excess electron will occupy the highest eg (t2g
for Co and Zn dopant) orbital. Losing electrons, in contrast,
will enhance the orbital splitting. The charge density analysis
shows that the extra d electrons for TM are almost totally
located within the muffin-tin sphere of the substituted site.
The conduction band maximum (CBM) and valence band

maximum (VBM) of TM-doped γ-Al2O3 are lowered or raised
from those of pure γ-Al2O3, depending not only on the doping
site (Oh or Td) but also on the chemical state and spin state of
the dopants. Specifically, Ti, V, Cr, Mn, or Fe doping
introduces several 3d states below CBM, while Mn, Fe, Co,
Ni, and Cu doping introduces 3d states in the middle of the gap
(minor contribution is made to the valence band). Zn doping
introduces d orbitals that overlap within the valence band (7−9
eV). For Cu doping, the outermost electron states at the upper
part (0 to 2 eV) of the valence band are mainly contributed by
Cu+ species while the lower part (2 to 4 eV) is by the Cu2+

species. Similarly, Cr or Ni doping also increases the width of
the valence band by introducing 3d states that mix with O 2p
states above VBM and extends the valence band edge.
On the basis of the above discussions, the excitation peaks in

XPS valence band spectra (Figure 5) can be assigned and the
influence of TM doping on the band edge of γ-Al2O3 is
clarified. The charge compensation from IAl or VAl leads to the
upward or downward shift of the Fermi level. While Cu, Ni, and
Cr dopants introduce band tails near the Fermi level (2−4 eV),
Zn introduces some deep valence states (10−12 eV).

Dopant Site Preference in Bulk and Nano γ-Al2O3. For the
bulk TM-doped γ-Al2O3, we estimated the substitution cost
using the approach described earlier (for details, see the
Supporting Information).34 Figure 6a presents the site
preference energies (Esite preference), i.e., the calculated formation
energy difference between TMZ+ (Z = 2, 3, 4) doping at the
Al(Oh) and Al(Td) sites of bulk γ-Al2O3. No significant
correlation between energy and volume change is found (Table
S3).

Figure 4. Total density of states (DOS) and atom-projected density of states (PDOS) of the most stable configurations for each TM doped γ-Al2O3
are given. The electron transfer from the highest occupied orbital of TMZ+ to the lowest unoccupied orbital of TM(Z+δ)+ is given, and the 3d orbitals
are shown by colored arrows.
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At low doping level, while all TM4+ prefers the Oh site (red
diamond), the site preferences for TM3+ (pink) and TM2+

(blue) are more complicated, which is influenced by two factors
under the nano effect: the lattice distortion (shadow region)
and the increase of Oh/Td ratio in the γ-Al2O3 (sphere). Due
to the defect nature of γ-Al2O3, the local bonding environments
are disturbed randomly, and the distorted Oh/Td symmetry
will lead to the variation of lattice energy of about 0.2 eV from
site to site (see error bar for Cu). Moreover, the site preference
of the dopant may also be impacted by nano effects. We

employed the (2 Td, 6 Oh) configuration as a model to
investigate the Esubs of TM doping for nanosized γ-Al2O3. While
the lattice energy decreased by up to 0.04 eV (per Al2O3 unit)
due to the 1% volume expansion under this nano effect, a
similar trend of dopant site preference was observed as for bulk
material but with Oh site preference energy lowered by 0−0.2
eV (Figure 6a). Cr3+ and Co3+ strongly prefer the Oh site, while
Ti3+, V3+, Mn3+, Ni3+, Ni2+, and Cu3+ weakly prefer it. The
strong preference of Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ for the Td
site (blue diamond) is weakened after the increase of Oh/Td
ratio in γ-Al2O3 (blue sphere). Under the nano effect, these
dopants will be statistically distributed at Oh or Td sites in the
γ-Al2O3 structure (randomly distributed), except for Co2+ and
Zn2+, which still have strong preferences for the Td site. This
observation is in good agreement with the well-known trends
that atoms with shallow valence d states tend to occupy the Td
site rather than the Oh site and that ions with d10

configurations, like Zn2+ and Cd2+, prefer tetrahedral
coordination.78 Although the general cation distribution rules
for simple spinels do not fully apply in this case, similar site
preference of Cr3+, Mn3+, Ni2+, and Cu2+ at Oh site and Zn2+ at
Td site were obtained using simple models with Al3+ as a
reference ion.42−44 Furthermore, to explore the supercell size
effect, we also studied the TM doping preference in a 3 × √2
×√2 supercell and the observed trend remains (not shown). It
should be mentioned that the present work cannot exclude the

Figure 5. Valence band XPS spectra of MA-7TM samples.

Figure 6. Preferred doping site, spin state, and the formation energy of intrinsic defects upon TM doping. (a) The Esite preference for TM
Z+ (Z = 2, 3, 4)

in γ-Al2O3 with (0 Td, 8 Oh) or (2 Td, 6 Oh) configuration. Error bars represent results from 12 nonequivalent sites. (b) The formation energy
difference between HS and LS configurations. (c) The formation energy of VAl in (3TM4+) configurations or IAl in (3TM2+) configurations, and the
corresponding formation energy of IAl (blue line) or VAl (red line) in pure γ-Al2O3. (d) The formation energy of VO and the corresponding
formation energy of VO (black line) in pure γ-Al2O3.
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change of site preference energies at high doping levels, as
reported previously.34

Spin State Preference. The formation energy differences
between the highest spin (HS) and lowest spin (LS)
configurations for each type of TM atom in γ-Al2O3, at Al(Oh)
or Al(Td) site, are listed in Figure 6b. Not seen in ZnO or
TiO2,

14,77 the spin configurations in γ-Al2O3 can be categorized
into three types: (1) For TM dopants with completely filled d
orbitals, such as Ti4+(d0) and Zn2+(d10), there are no other spin
configurations observed. (2) For TM dopants with partially
filled d orbitals, such as V3+(d2), Cr3+(d3), Mn3+(d4), Fe3+(d5),
Fe2+(d6), Co2+(d7), and Ni2+(d8), the formations of high spin
configurations are much more favorable, except Co3+(d6),
which favor the nonmagnetic configuration where all six t2g
orbitals are filled. (3) The high spin paramagnetic Cu2+(d9)
with only one unfilled 3d orbital.
Charge Compensation by Intrinsic Defects in γ-Al2O3. The

mechanism of charge compensation by the intrinsic defects in
γ-Al2O3, including one IAl or VAl in a 3 × 1 × 1 supercell doped
by three TM atoms (at the preferred site), was investigated.
Overall, the charge compensation for TM dopants by Al can be
divided into three regions (Figure 6c). The high formation
energies of IAl in Ti, V, and Cr and Mn doped γ-Al2O3 (red
region) indicate that, even when dopant cation charge can be
equal to or larger than 3, the formation of VAl in the bulk
structure is still unlikely. In contrast, the low formation energies
of IAl upon doping of Co, Ni, Cu, and Zn (green region)
suggest that IAl is favored once a TMZ+ with a charge smaller
than 3 is introduced. For Cr, Mn, and Fe (in the middle
regions), the formation of either VAl or IAl is energetically
unfavored. Generally, our DFT calculation suggests that the Al
content in γ-Al2O3 tends to increase as the atomic number of
TM increases. The binding energies of TM appear to vary in a
complicated manner due to the correlated effect from TM
dopants and VAl of γ-Al2O3.
Although the formation energy of VAl in the bulk structure

for Ti, Cr, and Mn doping is high (Figure 6c), if we consider
the observed lowered defect formation energy in other oxides,
we can reasonably suggest the formation of VAl for Ti doping.
On the basis of DFT calculations and ionic size considerations,
Cr6+ and Cr4+ are probably only on the surface. The
calculations were repeated for a few equivalent sites, and the
differences were minor. Some representative structures are
listed (Figure S7). It is observed that under Jahn−Teller effect
the TM−O bonds are shortened or elongated, and the
deformation around the Oh/Td structure varies randomly.
Valence States. Valence identification of TM dopants in γ-

Al2O3 is challenging. It is well observed that normally the
binding energy of TMZ+ in metal aluminate spinel is higher
than that in its corresponding transition metal oxide.61 Such
energetic difference will introduce additional complexity for
identifying the valence state of TM in γ-Al2O3. Specifically, the
TM2+ and TM3+ species are not readily distinguished in this
case. Combining DFT calculation and 2p3/2 XPS, we analyzed
the Mulliken charge and oxidation states of each TM dopant in
γ-Al2O3 (Table 1), by comparing our results with the previously
reported 2p XPS data of TM oxides (Figure S4).61 The binding
energy of TM2+, which is in line with Mulliken charge, is
increased by two factors. For TMZ+ with the same valence state,
TMAl2O4 gives a higher binding energy over simple transition
metal oxides (TMO) while the dispersed TMZ+ species gives
higher binding energy than aggregated species.

The inferred binding energy and oxidation state of each TM
are then derived and summarized in Table 1. For clarity, the
predominant species of TM are listed in bold. For example, the
calculated Mulliken charge for Fe3+(Oh)/Fe2+(Oh) and
Fe3+(Oh)/Fe3+(Td) are 1.20/0.96 and 1.20/1.13, respectively.
Hence, for the MA-7Fe sample, the Fe 2p3/2 binding energies
at 712.3 and 711.3 eV are attributed to Fe3+ and Fe2+,
respectively. Similarly, for MA-7Co, the Co 2p3/2 signals at
781.7 and 782.1 eV are assigned to Co2+(Td) and Co2+(Oh),
respectively. The valence states of TM dopant in γ-Al2O3 are
related to the formation enthalpies of the corresponding TM
oxides and γ-Al2O3 (Table S5).79 The Ti doped in γ-Al2O3
maintains a high oxidation state (+4) due to the higher
formation enthalpy of TiO2 compared to that of γ-Al2O3. In
contrast, the oxidation states of other TM dopant atoms tend
to approach +3, appearing to be governed by the surrounding
γ-Al2O3 reservoir due to the lower lattice energy of other TM
oxides than that of γ-Al2O3. Correspondingly, due to the charge
compensation effect, TMZ+ dopants with oxidation state Z
larger than 3 will induce more Al deficiency, while for TM
dopants with Z lower than +3, IAl is introduced and the
corresponding formation energy of IAl increases with the
increased atomic number of TM. It should be mentioned that
such charge compensation effect is distance dependent.
On the other hand, TM doping in γ-Al2O3 also significantly

lowers the formation energy of VO (Figure 6d, pink), due to the
weak covalent TM−O bond (similar to the case in the
corresponding TM oxide) compared with the strong Al−O
bond. Considering the charge compensation of VAl (red) or IAl
(blue), the formation energy of VO under TM doping is
significantly reduced. The formation energy is also strongly
influenced by local symmetry around TM, as found for Cu, in
which the formation energy of VO at Td site is lowered by 1.5
eV compared to that at the Oh site.

Optical Properties. From the electronic structure, optical
properties of TM doped γ-Al2O3 have been calculated in order
to interpret the UV−vis spectra for MA-7TM samples (Figure
2b). While Ti doping induces a large red-shift of the absorption
edge, Cr, Mn, Fe, and Co doping all induce distinctive visible
light absorption bands. These visible absorption bands are
determined by the separation between eg and t2g states, i.e., the
weakly allowed d−d transition of the TM ions. The absorption
edge is slightly changed by Co or Zn doping. While both
Co2+(d7) and Ni2+(d8) introduce a strong absorption band
around 600 nm, both Cr3+(d3) and Cu2+(d9) only introduce a
medium absorption band around 600 nm. In contrast, dopants
with half-filled or filled d orbitals such as Fe3+(d5), Cr6+(d0),
and Cu+(d10) all introduce a strong band around 400 nm due to
the LM (ligand to metal) excitation. The situation for Mn
doping is between the above two types of excitation
mechanisms due to the mixed oxidation states (Mn4+(d3) and
Mn3+(d4)). Due to the large orbital splitting of Mn3+(d4)
orbitals, the absorption edge is due to the excitation from O 2p
to Mn 3d orbitals.

Lattice Parameter Variation. The influence of TM doping
on the lattice parameter of γ-Al2O3 is shown in Figure S8. The
lattice parameter change under charge compensation by IAl on
the surface (diamond) is significantly larger than that caused by
IAl in the bulk structure (square), and lattice shrinkage occurs
only when VAl

S is introduced while significant lattice expansion
occurs only when IAl

s is formed.
Overall Trends and Implications. The one-pot procedure

produces mesoporous structure after the self-assembly process
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with the help of surfactant P123, while the metal dopants are
well dispersed in precursor framework during the condensation
process (Figure 7a). Although the mesostructure of meso-
porous γ-Al2O3 is composed of nano γ-Al2O3 particles with
higher surface area, the actual atomic configurations are not
only driven by the energy-minimizing mechanisms (moving
toward equilibrium) but also depend on the detailed
preparation conditions (representing some kinetic constraints).
While the mixed metal precursors are heat-treated with the
presence of TMZ+ ions, the transformation to cubic spinel will
take place with bond breaking where Al3+ or TMZ+ ions would
be well dispersed and occupy Oh or Td sites, depending on
their own lattice stability and also highly influenced by charge
compensation.
As shown in Figure 4, the spin state, the orbital coupling

under various local structures (Oh or Td), nano effect, and the
charge compensation effect are the key factors for the doping
mechanism of TM in γ-alumina. While formation of intrinsic
defects in nanoparticles can be greatly enhanced, the chemical
state of the well dispersed TM dopant in γ-Al2O3 varies
accordingly, by gaining electrons from IAl or losing electrons to
VAl defects or surface hydroxyl groups under the coulomb
screening effect. As is well-known, the local structure and
magnetic behavior of TM-doped oxides are strongly sensitive to
the preparation parameters, such as oxygen partial pressure,
temperature, doping element, and level.18

Generally, impregnation methods give disperse metal
catalysts on the alumina surface, while one-pot synthesis gives
dispersed metal dopants in the alumina lattice. The
homogeneous distribution of metal species in the support
structure will alter the thermal stability, isoelectric point, and
electronic properties. On the basis of charge compensation
(Figure 4c), the variation of charge state of dopants can be

rationalized. From a crystallization point of view, the decrease
of Al vacancy concentration appears to favor the growth of
spinels with higher crystallinity and bigger grain size. The high
concentration of VAl introduced by Ti doping seems to hinder
the formation of a spinel with high crystallinity while, on the
contrary, Zn doping accelerates the crystallization process, as
shown by the WXRD results (Figure S9 and Table S1). Besides,
taking into account the lattice parameters (Tables S3 and S4)
and TM concentrations (Table S1), the influence of lattice
expansion for MA-7TM samples can be rationalized. As shown
(Figure 7b), the amounts of defects at the surface, VAl

S or IAl
S,

in each sample are deduced accordingly, which indicates that
the distribution of Al defects at bulk (Al) or surface (AlS) varies
from case to case, and the lattice parameters are highly
influenced by the detailed synthesis conditions. While some
slightly distorted structures show diamagnetic properties, the
slight elongation of several TM−O bonds at one side of the Oh
or Td structure makes them paramagnetic and lowers the total
enthalpy. The TM(z±δ)+ species, being low-valence dopants or
high-valence dopants,13 can be further reduced or oxidized,
with their TM−O bonds and structures varied accordingly. The
excess or loss of electrons would lengthen or shorten the TM−
O bond slightly (0−0.2 Å) and lead to the site preference shift
from Oh to Td.
Codoping is sometimes found to be beneficial for catalytic

reactions.80 As an example, for Cr + Zn codoping in MA, while
Cr and Zn are homogeneously distributed in mesoporous
alumina, the Cr doping enhances the formation of VAl; as a
result, the lattice parameter is decreased (Figure S10) and Cr6+

species, which is mainly on the surface, is greatly decreased
(Figure 8).
The orbital coupling between nearby TM atoms will increase

with the TM concentrations due to the increased electron

Figure 7. (a) The doping mechanism of TMZ+ in MA-7TM. (b) The lattice constants from XRD experimental (black) and DFT calculations for
TMZ+ doped γ-Al2O3 with Z = 4 (red), 3 (pink), or 2 (blue). The lattice expansion by TMZ+ doping under charge compensation by VAl/IAl in bulk
structure (square) or VAl

S/IAl
S on the surface (diamond) is given. The estimated ratios of AlS/(AlS + Al) are given. The consequent local structure

evolution of TMZ+ with the decrease of valence state under charge compensation is demonstrated, i.e., the site preference change from Oh to Td.
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correlations. While there are some red-shifts of the absorption
edge, the absorption band in the visible light range is mainly
due to the d−d transition of the dispersed TMZ+(Oh/Td)
species, which also has been shifted by the electrons from or to
these coexisting intrinsic defects. Hence, the visible light
absorption abilities, as well as the transfer ability of excited
photoelectron, which is crucial for photoreactions, can be
improved in such a way. It is expected that the further design of
such kind of a metal doped mesoporous alumina support can
be elucidated by our DFT calculations.

■ CONCLUSIONS
The cooperative effect of TM dopants and intrinsic defects
(cation vacancies) upon γ-Al2O3 is studied by first-principles
calculations, and a series of ordered mesoporous alumina
tailored by TM dopants is synthesized and characterized. The
cation distribution and the energetically favorable structures are
clarified and compared with the experimental findings from
TM-doped Al2O3. While the TM dopants are well dispersed in
the alumina lattice via the one-pot routine, the real atomic
configurations are complicated. The analysis of electronic
structure combining the experimental characterization and
DFT calculations indicates that the charge compensation effect,
nano effect, and the orbital splitting under different cation
distribution (Oh or Td, well dispersed or aggregated, bulk or
surface) are the key factors for the doping mechanism. As a
result, the Al content in γ-Al2O3 increases with the atomic
number of the TM dopants, while O content only decreases
around TM−O regions. Furthermore, the optical properties of
Al2O3 have been tuned by the well dispersed TM dopants that
coexisted with the intrinsic defects (IAl/VAl). While there are
some degrees of red-shift of the absorption edge, the absorption
band in the visible light range are mainly due to the d−d
transition of TMZ+(Oh/Td) species, slightly shifted by the
electrons from or to these coexisting intrinsic defects. The
mesoporous alumina, with defect spinel alumina structures,
possesses a distinctive doping mechanism from other oxides,
and the change of VAl concentration under metal doping will
greatly alter the intrinsic property of alumina. On the basis of
the above understanding, the future tailoring of alumina
support by metal dopants might be guided by this work.
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