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ABSTRACT: Regulation of electron�electron correlation
has been found to be a new effective way to selectively
control carrier concentration, which is a crucial step toward
improving thermoelectric properties. The pure electronic
behavior successfully stabilized the nonambient metallic
VO2(R) to room temperature, giving excellent thermo-
electric performance among the simple oxides with wider
working temperature ranges.

Thermoelectric effects realize the direct conversion from ther-
mal to electrical energy, presenting promising signs for

direct conversion of waste heat to electric power that is vital
for energy harvesting and conversion.1�3 Superior thermoelec-
tric materials rely on simultaneously achieving high electrical
conductivity (σ), high thermoelectric power (S), and low ther-
mal conductivity (k). There is a strong correlation of these three
parameters according to the Wiedemann�Franz law,4 which
explains the practical difficulty in effectively enhancing thermo-
electric performance during the past decades. All the three
parameters are highly dependent on the details of the electronic
structure and the charge carrier-related properties.5,6

Strongly correlated electronic systems give a new intriguing
platform for regulating carrier concentration. For correlated sys-
tems, active control and manipulation of the charge and spin
degrees of freedom of the electrons as well as the atomic orbital
orientations would create the expected electronic structure and
charge carrier-related properties. Monoclinic VO2(M) is the
prototype material for interpreting correlation effects in solids,7

in which the relationship between the correlated effects and
electronic structure has been extensively pursued. As is known,
monoclinic VO2(M) (room-temperature phase, <340 K) and
rutile VO2(R) (nonambient phase, >340 K) are typical states in a
temperature-driven, fully reversible structural phase-transition
process. The position shifting of vanadium atoms from zigzag-
type in VO2(M) to linear chains in VO2(R) brings about the
evolution from localized d-orbital electron cloud to delocalized
state along the c-axis direction.8,9 In this regard, the orientation
change of the electron clouds influences the state of electron spin
on passing through the phase transition, resulting in the widen-
ing/narrowing of the material bandgap to form insulator or metal

states for monoclinic VO2(M) and rutile VO2(R); this reveals an
intriguing route to control the carrier concentration by modulat-
ing related effects of electronic properties.10 Of note, systematic
investigation of thermoelectric effects of vanadium oxides has
been long neglected. For vanadium oxides, heavy-ion doping,
e.g., using W6þ and Mo6þ ions, is usually regarded as the classic
way to control the carrier concentrations. In effect, traditional
doping with higher valence ions (W6þ andMo6þ) could increase
the carrier concentration due to the enhancement of the electron
concentration from doping.11,12 However, the heavy heteroge-
neous ions involved in a M-doped VO2(M) (M = W6þ and
Mo6þ) crystal lattice would inevitably complicate the thermo-
electric material systems: (i) the added atomic species of doping
ions complicates the influence on thermoelectric properties,
especially for electrical conductivity and thermoconductivity;
(ii) the doped ions inevitably cause structural distortion in the
doped compounds accompanying the injection of additional
electrons into the V�O frameworks. These two entangled struc-
tural change and electron�electron effects hinder the construc-
tion of an effective model to investigate the influence of electron�
electron correlation effects on thermoelectric performance.

Herein we highlight a new pathway to successfully modulate
the strong correlation effects in vanadium dioxides. The carrier
concentrations can be effectively controlled only by the injection
of additional electrons into rutile V�O frameworks. Exterior
modification using the lightest hydrogen atoms, without chan-
ging the V�O framework of rutile VO2(R), successfully stabilizes
nonambient metallic VO2(R) phase at room temperature, with
the lightest Hþ ions contributing the additional electrons into the
infinite V4þ�V4þ chains and thus enhancing the electron�
electron correlation effects in rutile structure. By controlling the
hydrogen concentrations, metallic rutile VO2(R), semiconduct-
ing monoclinic VO2(M), and their intermediate states, the mix-
ture of metallic VO2(R) and semiconducting VO2(M) (VO2-
(M-R)) polymorphs, are all achieved at room temperature with
carrier concentration gradients, giving an ideal model to inves-
tigate thermoelectric effects.

Heating the as-prepared black hydric paramontroseite VO2 in
a N2 gas flow at 250, 300, and 600 �C produces the vanadium
oxides with gradient hydrogen contents of 3.8%, 1.3%, and
approaching zero (Supporting Information (SI), section S1),
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which could be indexed to hydric rutile VO2(R), hydric VO2-
(M-R), and monoclinic VO2(M) at room temperature, respec-
tively, according to systematic characterizations. The XRD
patterns provide direct structural information on the as-obtained
vanadium oxides. The sample with 3.8% hydrogen concentration
has the typical XRD features of rutile VO2 structure: (i) the absence
of the typical XRD peaks (100)M (26.94�) and (�102)M (33.40�)
(Figure S3); (ii) the shifting of VO2(R) (110) peak to lower 2θ
compared with VO2(M) (011) peaks at 26� e 2θ e 29�
(Figure S3d); (iii) the splitting of VO2(R) (310) and (002) in
64� e 2θe 66� evolved from VO2(M) (130) peak (Figure S3e).
The sample with 3.8% hydrogen (Figure S3a) can be readily
indexed to tetragonal rutile VO2(R) (JCPDSCardNo. 79-1655, a=
4.552 Å, c = 2.856 Å), indicating that hydrogen incorporation
stabilizes nonambient rutile VO2(R) phase to room temperature.
The sample without hydrogen (Figure S3c) was characterized as
monoclinic VO2(M) (JCPDS Card No. 82-0661, a = 5.751 Å, b =
4.528 Å, c = 5.380 Å), while the sample with 1.3% hydrogen was
indexed to the intermediate states between rutile and monoclinic
phases, named hydric VO2(M-R). The room-temperature metallic
rutile VO2(R) is also verified by theHRTEM result (SI, section S3).

Synchrotron radiation XAFS further revealed the local structural
information of the samples. Figure 1 shows VK-edge XAFS spectra
at room temperature. The extended XAFS (EXAFS) functions
χ(k) and Fourier transforms exhibit remarkable differences among
the three samples, with the typical features of rutile VO2(R),
intermediate VO2(M-R) states, and monoclinic VO2(M), respec-
tively. The χ(k) oscillation shape of monoclinic VO2(M) is
significantly different from that of rutile VO2(R), at 4�8 Å�1

(Figure 1a), and the Fourier transform profiles in real space clearly
give direct evidence for the room-temperature rutile VO2(R). As is
known, there are four distinct peaks for characterizing monoclinic
VO2(M), those for the V�O split (1.20 and 1.63 Å) and V�V
bonds (V�V1 2.12 Å andV�V2 2.88 Å) (SI, section S4), while for
rutile structure, due to the increased structural symmetry of rutile
lattices, the two V�O split peaks (1.20 and 1.63 Å) in monoclinic
VO2(M) usuallymerge into one single peak at 1.48Å inVO2(R), as
shown in Figure 1b.13 Also, since the neighboring V�V bond
length of 2.88 Å for the infinite linear V�V chains along the
VO2(R) c-axis is larger than that of V�V dimerization (2.65 Å) in
VO2(M) (SI, section S4), the V�V1 peak at 2.12 Å in VO2(M)
shifts to 2.36 Å for rutile structure.14 The curve features of VO2

samples with 3.8% and nearly zero hydrogen concentrations are in
good agreement with those calculated from the theoretical rutile
and monoclinic VO2 structures, respectively.

FTIR and Raman spectra (SI, section S5) further reveal
structural and electrical information about VO2(M) and VO2(R).
The depressed fingerprint peaks15�17 in the FTIR and Raman
spectra verified the presence of metallic VO2(R) at room
temperature due to the higher structural symmetry of rutile
VO2 (P42/mmm, No. 136). The systematic characterizations
clearly verified the realization of metallic VO2(R) at room
temperature.

The hydrogen concentrations of the VO2 samples were
determined by elemental analysis and by FTIR and 1H solid-
state MAS NMR spectra. Based on the calculation results of the
bulk elemental analysis by a VARIO ELIII (German) element
analytical instrument (SI, section S6), the hydrogen contents of
hydric rutile VO2(R), hydric VO2(M-R), and monoclinic VO2-
(M) are 3.8%, 1.3%, and about zero, respectively. These results
were further verified by peak intensities of O�H deformation
vibrations in FTIR (Figure S7) and 1H solid-state MAS NMR
(Figure S9) spectra for samples with the same H content.

As described above, with the hydrogen incorporation into the
rutile structure, the nonambient rutile phase existed at ambient
conditions. Due to the unchanged vanadium�oxygen lattice
framework, as evidenced by the above structural characteriza-
tions, the hydrogen ions could only incorporate into the exterior
environments, such as the 1�1 tunnels or crystal surface of rutile
crystal, ensuring no structural distortions of the main lattice
framework. In effect, the incorporation of Hþ ions in the exterior
locations contributes additional electrons to the V�O systems,
the effect of which is similar to that of heavy ions (such as W6þ,
Mo6þ) doping.11,12 The extra electrons in the V�O system
would enhance the electron�electron correlation effects be-
tween the neighboring vanadium atoms in the infinite linear V�
V chains. To confirm that Hþ incorporation indeed enhances the
electron correlation, we performed density functional theory
calculations based on the experimental atomic structural param-
eters. As shown in Figure 2a, we plot the partial density of states
(DOS) of the dz2 orbital of vanadium in hydric VO2(R). The dz2
orbital should receive more attention due to the linear orbit
clouds extending along the z-direction, which is the direc-
tion of the infinite V�V chains in rutile structure. The sharing
of dz2 electrons by all of the vanadium atoms in the infinite V�V
chain produces the electron�electron correlation effects, the
localization/delocalization of which determines the electronic
states. For the calculated results, in pure rutile phase without Hþ

incorporation, this orbital is an unoccupied one, while upon Hþ

incorporation, the DOS of dz2 shows some peaks just below
the Fermi level, which means bonding between dz2 orbitals of
nearest-neighboring vanadium atoms and enhanced electron�
electron correlation effects along the infinite linear V�V chains.
In effect, the enhanced correlation effects strengthen the correla-
tion effects of infinite V�V chains in rutile VO2, which are hard
to break even when temperature is decreased, and thus stabilize
the metallic VO2(R) down to room temperature.

DSC curves (Figure S10) showing the phase-transition behav-
ior indicate thematerial state at a given temperature.10Moreover,
ZFC magnetization curves (Figure S11) also reveal phase-
transition behaviors consistent with DSC results. As a summary,
Figure 2b illustrates the evolution of the phase-transition tem-
perature with hydrogen concentration, revealing that around
room temperature (25 �C), the samples with 1.3% and no H
incorporation are the intermediate coexisting rutile and mono-
clinic states, respectively, while the sample with 3.8% H is the
metallic rutile VO2(R) phase.

Figure 1. V K-edge EXAFS oscillations [χ(k)] (a) and their Fourier
transforms (b) at room temperature for the as-obtained hydric vanadium
dioxide samples.
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The temperature-dependent resistivity curves also well reflect
the typical phase-transition behavior. As shown in Figure 3a, for
monoclinic VO2(M) sample, a pronounced one-order drop in
resistivity with temperature increase to near 340 K clearly shows
the typical electrical transition originating from the slight atom
shifting during the structural transition. The hydric VO2(M-R)
sample has an elongated decreasing transition period with in-
creasing temperature, as shown in Figure 3b, indicating it has a
very broad electrical resistivity transition range. However, the hy-
dric VO2(R) has no obvious resistivity changes in the concerned
temperature range, and the electrical resistivity only slightly
increases with increasing temperature (Figure 3c), consistent
with metal behavior. Hall measurement results reveal that the
hydric VO2(R), hydric VO2(R-M), and monoclinic VO2(M)
samples have carrier concentrations of 5.04� 1019, 9.44� 1017,
and 2.30 � 1016, respectively, at ambient temperature. It is
understandable that the metallic VO2(R) has the largest carrier
concentration, and the semiconducting VO2(M) has the lowest.

The hydrogen incorporation into rutile structure successfully
realizedmetallic hydric rutile VO2(R), the intermediateVO2(M-R)
state, and semiconductingmonoclinic VO2(M), giving the gradient
carrier concentrations at room temperature. The corresponding
thermoelectric characterization shows that they are all n-type with
negative Seebeck coefficient S (thermopower).18 As the hydrogen
concentration increases from near zero (monoclinic VO2(M)),
to 1.3% (hydric VO2(R-M)), to 3.8% (hydric VO2(R)), the
maximum thermopower Smax decreases from �136.4, to �87.7,
to �55.1 μV/K, respectively. That is to say, the monoclinic
VO2(M) has a superior Seebeck coefficient than hydric VO2(R),
which is understandable based on the hybrid density functional
calculation results near the Fermi surface. As is shown in Figure
S12, the DOS of monoclinic VO2(M) varies rapidly near Ef, and
that of hydric VO2(R) does not. Based on the Mott formula,19

S ¼ π2

3
k2T
e

d ln σðEÞ
dE

�
�
�
�
�
E¼Ef

the thermopower Smax is proportional to the logarithmic derivative
of σ(E) with respect to E near the Fermi level. The monoclinic
VO2(M) with rapidly changing DOS near the Fermi level is
expected to have a larger thermopower Smax than hydric VO2(R).
Moreover, the temperature of Smax is strongly dependent on the
bandgap size of the as-obtained VO2 samples. For semiconducting
VO2(M), the observed temperature of maximum S is 318 K, while

for metallic hydric VO2(R) with zero bandgap, it is 220 K, as shown
in Figure 3. In effect, the wider bandgap would delay the onset of
extra carrier excitation from the valence to the conduction bands that
was responsible for higher thermopower, and then Smax is attained at
higher temperatures.20 Thus, the wider bandgap of semiconducting
VO2(M) resulted in the higher temperature of Smax, while the
temperature of Smax for the zero bandgap hydric VO2 is 220 K. By
regulating the correlation effects via hydrogen incorporation, the
observed temperatures for maximum thermopower are well-con-
trolled in a wide temperature range from 220 to 318 K.

Atomic weight and structural symmetry were responsible for
the thermal conductivity. Usually, heavy atoms give rise to low
acoustic phonon frequency, and the low structural symmetry
generates the long and tortuous mean free paths; both lead to
high thermal resistance.21,22 Our three VO2 samples had the
same atom compositions, and the relatively lighter atomic weight
of vanadium (55.847 g/mol) resulted in relatively higher thermal
conductivity from 2.2 to 4.0W/mK, comparedwith conventional
thermoelectric materials (usually 0.5�1 W/mK).21,22 Also, due
to the higher structural symmetry of rutile than monoclinic
structure, the thermal conductivity of hydric rutile VO2(R) is
higher than that of monoclinic VO2(M) (Figure 4a).

In Figure 4b, the figures of merit for vanadium dioxide
samples, calculated from the above data with the relationship
ZT = S2T/Fk, are summarized. For hydric VO2(R), at 210.0 K,
the figure of merit reaches the maximum value of 0.12; for hydric
VO2(R-M), ZTmax = 0.089 at 240.4 K, and for VO2(M), ZTmax =
0.071 at 316.6 K. Here, the temperature of ZTmax decreases from
316.6, to 240.4, to 210.0 K, with the narrowing bandgap from
semiconducting VO2(M), to hydric VO2(M-R) state, to metallic
hydric VO2(R), respectively, which is reminiscent of the features
of the temperature-dependent power factor curve (Figure 3d).
Our figure of merit behavior confirms the ability to achieve the
thermoelectric devices with a wide range of working temperature.
Of note, the hydric VO2(R) achieves a high ZTmax = 0.12 at the
low temperature of 210.0 K, which is higher than those for hydric
VO2(R-M) (0.089, 240.4 K) and monoclinic VO2(M) (0.071,
316.6 K). The key reason why room-temperature hydric VO2(R)

Figure 2. (a) Partial density of states (DOS) of dz2 orbital of vanadium
of the hydric VO2(R); inset is the dz2 orbital. (b) Evolution of the
transition temperature, Tc, with change in hydrogen concentration. Red
traces indicate the rutile f monoclinic phase-transition temperatures,
Tcv, on heating; the black traces indicate the monoclinicf rutile phase-
transition temperatures, TcV, on cooling. Figure 3. Temperature dependence of the electrical resistivity F (Ω)

and the Seebeck coefficient S (μV/K) for monoclinic VO2(M) with
hydrogen content 0% (a), hydric VO2(M-R) with hydrogen content
1.3% (b), and hydric VO2(R) with hydrogen content 3.8% (c). The
resistivity and thermopower measurements were performed on samples
of typical size 8 � 6 � 3 mm3. (d) Temperature dependence of the
power factor PF = σS2 for monoclinic VO2(M), hydric VO2(M-R), and
hydric VO2(R).
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exhibits such good thermoelectric properties is its high electric
conductivity, resulting from the incorporation of hydrogen atoms
into the rutile structure. The residual incorporated Hþ in rutile
structure would contribute more electrons to rutile vanadium
oxide frameworks, leading to stronger electron�electron correla-
tion effects between the nearest-neighboring V�V chains. The
enhanced correlation effects effectively increase the carrier con-
centrations and result in good thermoelectric properties.

In conclusion, we successfully modulated the electron�electron
correlation effects in rutile VO2(R) by a novel pathway with the
lightest atom (Hþ) incorporation into rutile structure. The injec-
tion of additional electrons into the vanadium�oxygen lattice
frameworks successfully stabilized the nonambient rutile VO2(R)
phase to room temperature. Also, we describe a new physical
scenario in which regulation of electron�electron correlation is an
effective model for selectively controlling the metallic and semi-
conducting states, giving larger than 3 orders of magnitude carrier
concentrations gradients, which leads to the improved thermo-
electric performance in a wide working temperature range, espe-
cially in near or below room temperature. Of note, very few simple
oxides are known that can achieve a high ZT value below room
temperature.20 Our findings reveal that regulating the electron�
electron correlation effects in solids allows advances in controlling
carrier concentrations, with promising signs for designing new
thermoelectric materials via active control of electronic structures
and charge carrier-related properties.
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Figure 4. (a) Temperature dependence of the thermal conductivity k of
monoclinic VO2(M) with absence of H, hydric VO2(M-R) with hydro-
gen content of 1.3%, and hydric VO2(R) with hydrogen content of
3.8%. (b) Temperature dependence of the thermoelectric figure of
merit ZT for monoclinic VO2(M), hydric VO2(M-R), and hydric
VO2(R).


