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Orange Zinc Germanate with Metallic Ge¢Ge Bonds as
a Chromophore-Like Center for Visible-Light-Driven Water Splitting
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Abstract: The efficiency of solar-energy-conversion devices
depends on the absorption region and intensity of the photon
collectors. Organic chromophores, which have been widely
stabilized on inorganic semiconductors for light trapping, are
limited by the interface between the chromophore and semi-
conductor. Herein we report a novel orange zinc germanate
(Zn-Ge-O) with a chromophore-like structure, by which the
absorption region can be dramatically expanded. Structural
characterizations and theoretical calculations together reveal
that the origin of visible-light response can be attributed to the
unusual metallic Ge¢Ge bonds which act in a similar way to
organic chromophores. Benefiting from the enhanced light
harvest, the orange Zn-Ge-O demonstrates superior capacity
for solar-driven hydrogen production.

As one of the most abundant and yet least collected sources
of renewable energy, solar energy has attracted considerable
interest. However, enhancing light absorption for solar-
harvesting devices still remains a challenge.[1] Sensitizing
semiconductors with dyes containing organic chromophores
has been demonstrated to be a promising way to extend the
working wavelength of the solar energy spectrum.[2] In this
way, photogenerated electrons from the excited state of the
chromophore can inject into the conduction band of semi-
conductor, greatly increasing the photon-to-electron yield
under visible light.[3] However, this system requires strict
bandgap alignment of the organic chromophores and semi-

conductors, and the interface between the chromophore and
semiconductor will block fast charge transport, thus hindering
the efficiency of multi-electron transfer catalysis.[4] This
limitation could be overcome, in principle, by the means of
a built-in chromophore inside the semiconductor. However,
itÏs very hard to construct a chromophore-like structure by
modifying the local structure at atomic level. Zinc germanate
(Zn2GeO4) has recently attracted intense research interests
because of its potential applications in catalysis,[5] photo-
luminescence,[6] and optoelectronics.[7] Unfortunately, the
bandgap of Zn2GeO4 is too large (4.68 eV) to enable visible
light harvesting.

Herein, for the first time, we prepared an orange zinc
germanate (Zn-Ge-O) with a built-in inorganic chromo-
phore-like structure, which shows a dramatically expanded
visible-light absorption range and narrowed bandgap
(Scheme 1). Through combination of state-of-the-art X-ray

absorption spectroscopy and theoretical calculations, we
demonstrate that the origin of the visible light response can
be attributed to the unusual metallic Ge¢Ge bonds which act
as the chromophore-like structure in the semiconductor. The
concept of a built-in chromophore-like structure creates new
ways and theoretic bases for enhancing the visible-light
absorption of other semiconductors.

The orange Zn-Ge-O was synthesized by a co-precipita-
tion method, and the conventional white Zn2GeO4 was also
prepared for comparison. In the UV/Vis absorption spectra,

Scheme 1. Representative structural sections of the white Zn2GeO4 and
orange Zn-Ge-O as deduced from experimental analyses and theoret-
ical calculations. Left: a single Ge atom binding to four O atoms
(conventional structure). Right: Ge cluster with Ge¢Ge bonds for
visible-light-absorption (chromophore-like structure).
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the orange Zn-Ge-O exhibits an additional intense visible-
light-absorption band (Figure 1a). Based on the Tauc plot
((ahn)2 versus hn), the orange Zn-Ge-O corresponds to
a direct bandgap material and its bandgap (Eg) is approx-
imately 2.28 eV while that of white Zn2GeO4 is approximately
4.62 eV (Figure 1b). The density of states (DOS) for the
valance band of orange Zn-Ge-O and white Zn2GeO4 were
also measured by valance-band X-ray photoelectron spec-
troscopy (XPS) (Figure 1c). The valance-band maximum
energy of orange Zn-Ge-O is 0.95 eV, while that of the white
Zn2GeO4 is 3.26 eV. Combined with optical measurements,
the bandgap structure for both orange and white samples can
be shown (Figure 1d), the conduction band (CB) of orange
Zn-Ge-O shows no substantial change compared with white
Zn2GeO4. The different atomic arrangement between the
orange Zn-Ge-O and white Zn2GeO4 can be confirmed by the
analysis of X-ray diffraction pattern (XRD) (Figure S1 in the
Supporting Information), Raman spectra (Figure S2), trans-
mission electron microscopy (TEM), and selected-area elec-
tron diffraction (SAED) image (Figure S3), energy-dispersive
X-ray spectroscopy (EDX) (Figure S4), and XPS spectra
(Figure S5).

To further investigate the local structure of orange Zn-Ge-
O, X-ray absorption fine structure (XAFS) measurements
were utilized, and XAFS spectra of Zn, ZnO, GeO2, Ge, and
white Zn2GeO4 were also measured as references. In Fig-
ure 2a, the peak at 1.0–2.0 è in GeO2 can be attributed to the
scattering from the nearest oxygen atoms, and the peak at 2.0–
3.0 è in Ge powder corresponds to scattering from the
neighboring Ge atoms. Thus, the peak at 2.0–3.0 è of orange
Zn-Ge-O is similar to that of Ge powder but different from
that of white Zn2GeO4, suggesting the existence of Ge–metal
bonds in orange Zn-Ge-O. Moreover, the presence of Ge–O
is confirmed by the peaks at 1.0–2.0 è for both the orange and
white samples. In addition, the Zn K-edge spectra (Figure S6)

of the white and orange samples exhibit little
difference, indicating the similar local structural
configuration of Zn binding. As the Zn binding
structure is not clearly changed, the possibility of
Ge–Zn binding can be safely ruled out. Simu-
lation of the Ge K-edge spectra was performed.
For the orange Zn-Ge-O, there is a Ge–O
contribution at a distance of 1.76 è with coordi-
nation number of 3.3, and the Ge–Ge distance is
2.47 è with a coordination number of 1.7. The
Ge–O and Ge–Ge distances in the orange Zn-
Ge-O are in accord with reference values of
GeO2 and Ge powder.[8] Nevertheless, the coor-
dination number of Ge–O (3.3) and Ge–Ge (1.7)
are both less than those of GeO2 and Ge
(Table S1), suggesting that Ge species in the
orange Zn-Ge-O contain mixed-valent Ge states.
Figure 2b shows the normalized X-ray absorp-
tion near-edge structure spectra of the orange
Zn-Ge-O and the reference samples. The inten-
sities of the so-called white-line in the spectra
reflect the oxidation state of Ge in different
samples.[9] Therefore, the intensity of white
Zn2GeO4 is a little higher than that of orange

Zn-Ge-O, which implies the average oxidation state of Ge in
the orange sample can be lower than GeIV in the white
Zn2GeO4. According to the above structure analyses, the
existence of Ge¢Ge bonds causes a distinct structural
rearrangement in the orange Zn-Ge-O, which can be the
origin of its visible-light response.

Figure 1. a) UV/Vis spectra, b) Tauc plots, c) valance-band XPS spectra, and d) band-
structure diagram of white Zn2GeO4 and orange Zn-Ge-O.

Figure 2. a) The k3-weighted Fourier-transformed EXAFS spectra of Ge
K-edge spectra, and b) normalized X-ray absorption near-edge struc-
ture spectra of Ge K-edge spectra of orange Zn-Ge-O and the reference
samples.
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To elucidate the origin of the enhancement of visible-light
harvesting by orange Zn-Ge-O, a systematic electronic-
structure analysis was performed by virtue of the state-of-
the-art density-functional theory (DFT) calculations. Consid-
ering the crucial structural features of the amorphous Zn-Ge-
O elucidated from the various experimental characterizations
and theoretical information, several approaches, such as
introducing an oxygen vacancy, Zn vacancy, or additional Ge
by lattice substitution in the crystalline Zn2GeO4 were
examined to determine the crucial features (see details in
Supporting Information). The electronic structure of
Zn2GeO4 was investigated as a reference. Zn2GeO4 crystal-
izes in the willemite structure, consisting of a series of GeO4

and ZnO4 tetrahedrons linked with by vertex-sharing at three-
coordinated oxygen atoms, which are arranged to form
a large- and small-sized pore along the [001] direction
(Figure 3a). Each oxygen atom is bound by one Ge and two
Zn atoms to form a planar configuration. On the whole, these
oxygen atoms can be classified into three types, containing the
one as the corner atom shared by three small pores along the
[001] direction (denoted as A), and the two other oxygen
atoms types are at the large-pore wall with the difference
being they face outward towards the nearest Zn or Ge
(denoted as B and C), respectively. From the projected
density of states (PDOS) of Zn2GeO4 shown in Figure 3e, it
can be found that the valence band maximum of Zn2GeO4 is
mainly composed of the O-2p orbital and also some hybrid-
ization from the Zn-3d and Ge-4p orbital, while the con-

duction band minimum mainly consists of the Ge-4s and Ge-
4p orbital. The bandgap of Zn2GeO4 is estimated to be
2.26 eV, which is similar with the previous theoretical work
(2.0–2.1 eV).[10]

We examined the tuning effect of an O vacancy on the
electronic structure. All the three possible kinds of O vacan-
cies were checked, showing that the vacancy formed at the
site A (denoted A0) is slightly more stable by approximately
0.1 eV compared with sites B and C, and thus was focused on.
Accompanying the O vacancy formation, these two excess
electrons are mainly localized at the 4p orbital of the nearest
Ge atom (with a gain of approximately 1.3 e from the Bader
charge), and correspondingly, a new occupied state appears
near the Fermi level (Figure 3 f) and results in a slight
narrowing of the bandgap to 2.0 eV. However, the resultant
structure after removing O does not fully reflect the key
structural feature in experiment; the distance between Ge
and Zn atom or Ge and Ge atom near the O vacancy is still
too long to bond directly and hardly form Ge-rich center. To
construct a local Ge-rich center, a feasible approach upon
careful examination is to introduce external Ge atoms in the
Zn2GeO4 framework containing O vacancies. After full
optimization, the introduced Ge atom prefers to refill the O
vacancy and relax outward from the initial O3c plane owing to
the steric strain. As a result, it would form a distorted
tetrahedral configuration with one Ge¢Ge bond, two Ge¢Zn
bonds and one Ge¢M bond, in which M is O, Zn, or Ge,
corresponding to the case of substituting O at the site A, B, or

Figure 3. a) Ball-and-stick model of the optimized unit cell for the bulk Zn2GeO4. Inset: the magnified coordination environment of the lattice
O atom. White balls represent Ge, gray for Zn, and black for O. This color code is used throughout this work. b)–d) illustrate the possible
coordination environment of the central Ge atom in the Ge-rich tetrahedrons, in which (b) indicates configuration A1, (c) B1, and (d) C1. e)–
j) give the corresponding projected density of states (PDOS) of the amorphous Zn-Ge-O compound (denoted as Zn2¢xGe1+x+yO4¢y) with different
kinds of Ge-rich center, in which the PDOS of bulk Zn2GeO4 (e) is also given as a benchmark. To better uncover the origin of the bandgap
variation, all the energy levels are aligned to the 1s orbital of the lattice O in the intact Zn2GeO4 framework. For details see text.
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C with Ge, respectively. As shown in Figure 3b–d, the
three tetrahedral configurations can be denoted as
A1, B1 and C1. DFT results indicate that the A1
configuration is much more stable than B1 and C1 by
about 1 eV, therefore, it should exist in majority.
Herein we would focus on the A1 configuration,
despite that the configuration B1 and C1 are also
tested to give a similar trend (see details in Figur-
es S7, S8).

In the A1 configuration, the central Ge atom
forms one Ge¢Ge bond, two Ge¢Zn bonds, and one
Ge¢O bond, and the corresponding bond lengths are
calculated to be 2.38 è, 2.32 è, and 2.10 è. Bader
charge analysis indicates that the central Ge atom is
reduced with a weak positive charge (+ 0.18 e)
compared with the original Zn2GeO4 (+ 2.15 e). As
seen from the density of state in Figure 3 g, there are
two evident occupied gap states mainly attributed to
the reduced Ge atom, which narrow the bandgap for
the electronic excitation to about 0.5 eV. Further-
more, we examined the possible Ge-rich configura-
tion with more Ge¢Ge bonds by substituting the Zn
atom with Ge, corresponding to configuration A2 and
A3, in which one and two Zn atoms are substituted,
respectively. With the increase of the number of Ge¢Ge
bonds, it indicates the central Ge atom becoming more
negatively charged. For example, with respect to the config-
uration A3 with three Ge¢Ge bonds and one Ge¢Zn bond,
the central Ge atom has + 0.03 e. In addition, the average
Ge¢Ge bond length from A1 to A3 increases from 2.38 to
2.42 è, being closer to the experimental value (2.47 è,
Table S1). As seen in Figure 3g–i, the DOS indicates that
more gap states appear relative to the A1 configuration, and
importantly, all the bandgaps were evidently narrowed.
Specifically, by comparing the DOS shown in Figure 3 g–i, it
can be seen that all the emerging gap states are mainly
attributed to the reduced Ge-4p orbital, and the number of
gap states has a linear correlation with the number of Ge¢Ge
bonds in the Ge-rich tetrahedron. Interestingly, we also
consider a stable configuration C3 comparable with A3,
corresponding to a highly reduced Ge-rich tetrahedron with
four Ge¢Ge bonds (Figure S7g). The Bader charge of the
central Ge is calculated to be¢0.08 e, and the average Ge¢Ge
bond length is 2.42 è, indicating that the C3 configuration
matches well with experimental XPS (Ge0) and EXAFS
result. The electronic structure analysis indicates that its
bandgap is also notably reduced to approximately 1.0 eV.

One of the most interesting properties of semiconductors
where charge carriers can be created by irradiation is
photocatalysis of reactions, such as water splitting, in which
many exciting breakthroughs have been made to efficiently
utilize the visible light accounting for 43 % of the solar
energy.[11] As illustrated in Figure 4, after loading of 1 wt% Pt
as co-catalyst, the orange Zn-Ge-O displayed a continuous H2

production ability of 26.9 mmolh¢1 under ultraviolet-visible
light and 11.5 mmolh¢1 under visible light, whereas the white
Zn2GeO4 with and without Pt loading showed negligible
activity. The generation rate of orange Zn-Ge-O without Pt
loading is 2.6 mmol h¢1 under visible light. To exclude the

generation of H2 from the residual sodium borohydride, the
hydrogen evolution experiments were repeated under dark
using Zn-Ge-O/Pt (1.0 wt %) and Zn-Ge-O as photocatalyst.
No hydrogen is generated in both cases, indicating that the
generation of hydrogen is from the photocatalytic reaction
not from residual sodium borohydride. We also determined
the photocatalytic activity with different content of Ge
(Table S3), and the sample with the best performance can
be the Zn-Ge-O photocatalyst with Ge/Zn ratio of about 1
(Figure S9). The photocatalytic performance of Zn-Ge-O
shows a sign of decay, therefore, with the loading of Pt and
addition of methanol, both of the rate of H2 evolution and
stability can be enhanced (Figure S10). During the three
cycles, H2 can be produced constantly at a rate of around
14.1 mmolh¢1, and the performance decays only 7.96% after
72 h. The above results significantly suggest that the orange
Zn-Ge-O is photoreactive under visible light irradiation.

In summary, we report an unexpected orange Zn-Ge-O
semiconductor with enhanced photocatalytic hydrogen evo-
lution performance under visible light irradiation. Through
comprehensive characterizations, in-depth analysis, and first-
principle calculations, we find that the Ge¢Ge bonds formed
in the orange Zn-Ge-O can act as a light-absorbing chromo-
phore-like structure, which plays a crucial role in enhancing
the visible-light adsorption. We believe that this new kind of
built-in chromophore-like structure in semiconductors could
be expanded to other materials for efficient solar light
utilization.
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