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Under ultraviolet (UV) light, TiO2 is a superb photocatalyst
that is resistant to photochemical or chemical corrosion.[1–3]

However, it is ineffective under sunlight because the latter has
less than ca. 5 % UV light. Sunlight consists of about 48%
visible light, so there have been numerous efforts to develop
photocatalysts that are effective under visible light, which
include N-doped TiO2 photocatalysts,[4,5] plasmonic photo-
catalysts,[6–8] and dye-sensitized photocatalysts for water-
splitting.[9–11] Compared with efforts to utilize the visible
region of sunlight, studies aimed at utilizing near-infrared
(NIR) light, despite the fact that NIR constitutes about 44%
of sunlight, are rather rare. Qin et al.[12] reported the photo-
catalytic activity of YF3:Yb,Tm/TiO2 under NIR light; YF3

particles doped with Yb and Tm absorb NIR light and emit
a weak UV light, which then excites TiO2 to promote
photocatalysis. This up-conversion photocatalyst has very
low photocatalytic efficiency and is difficult to prepare. To the
best of our knowledge, there is no known NIR-driven
photocatalyst that does not require the up-conversion of
NIR light energy.

In this work we show that libethenite, Cu2(OH)PO4,
strongly absorbs energy in the NIR region and is an effective
photocatalyst for the oxidation of 2,4-dichlorophenol (2,4-
DCP) in aqueous solution under NIR light irradiation (l>

800 nm). This is accomplished through study of the electronic
structure of Cu2(OH)PO4, in which axially elongated
CuO4(OH)2 octahedra share their corners with axially com-
pressed CuO4(OH) trigonal bipyramids, as depicted in
Figure 1.

Figure 2a shows typical scanning electron microscopy
(SEM) images of the Cu2(OH)PO4 microcrystals. The lath-
shaped crystals are about 4–5 mm in length and 1.5 mm in
width, with ravines on the surface that are long, narrow, and
shallow. The XRD pattern in Figure 2b shows that the sample
is highly crystalline. All of the diffraction peaks can be
indexed to the orthorhombic phase of Cu2(OH)PO4 (JCPDS

No. 360404)[13] with the lattice constants a = 8.43 �, b =

8.08 �, and c = 5.90 �.
The UV/Vis/NIR absorption spectrum of the

Cu2(OH)PO4 sample derived from its diffuse reflectance
spectrum, which reveals a high absorption in the NIR region,
is shown in Figure 3. The NIR absorption of Cu2(OH)PO4 can
be fitted with four Gaussian peaks centered at 670, 864, 1121,
and 1349 nm (at 1.85, 1.44, 1.11 and 0.92 eV, respectively).
The absorption observed beyond 2000 nm is attributable to
the lattice and OH stretching modes.[14, 15]

The photocatalytic decomposition of 2,4-DCP in aqueous
solution (20 mgL�1) over Cu2(OH)PO4 microcrystals was
probed under NIR (l> 800 nm) irradiation. The temperature
of the solution was maintained at 20–25 8C to minimize the
loss of 2,4-DCP by evaporation during extended NIR
irradiation. Our results, summarized in Figure 3b and c,
show that Cu2(OH)PO4 microcrystals effectively decompose
2,4-DCP in solution under NIR light irradiation, with 90%
removal after 6 h irradiation time. The state of the Cu in the
Cu2(OH)PO4 sample measured by XPS before and after the
photocatalytic reactions was identical, as shown in Figure 3 d;
the Cu 2p3/2 had a main peak at about 935.0 eV before the
reaction, and at 934.9 eV after it.

The photocatalytic reaction of Cu2(OH)PO4 requires an
effective way of separating the electron–hole pair generated
by NIR light absorption. To gain insight into this question, we
examined the electronic band structure of Cu2(OH)PO4 by

Figure 1. Views showing the corner-sharing between CuO4(OH)2 octa-
hedra and CuO4(OH) trigonal bipyramids in Cu2(OH)PO4. For
CuO4(OH)2 octahedra, O red, H white, and Cu blue; for CuO4(OH)
trigonal bipyramids, Cu cyan. a) Corner-sharing through OH groups;
b) Corner-sharing through O atoms. All O atoms, except for those in
the OH groups, are corner-shared with PO4 tetrahedra. In each
CuO4(OH)2 octahedron, the equatorial Cu�O bond lengths are 1.977 �
(� 2) and 1.963 � (� 2), and the axial Cu�O bond lengths are 2.385 �
(� 2). In each CuO4(OH) trigonal bipyramid, the equatorial Cu�O
bond lengths are 2.040 � and 2.051 � (� 2), and the axial Cu�O bond
lengths are 1.926 � (� 2).
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performing density functional theory (DFT) calculations.[16,17]

The resulting electronic structure should have a band gap,
because Cu2(OH)PO4 is a magnetic insulator.[18] Thus, we
carried out DFT plus on-site repulsion U (DFT+ U) calcu-
lations[19] with effective on-site repulsion Ueff = U�J = 3, 4,
and 5 eV. The optical excitation energies best matching the
observed NIR absorption are obtained from the use of Ueff =

3 eV, so our discussion below is based on these results.
Figure 4 presents our results in plots of total density of states
(TDOS) and projected density of states (PDOS). The Cu2+

(d9) ion at each CuO4(OH) trigonal bipyramid and at each
CuO4(OH)2 octahedron has one singly filled d level (the dz2 at
the trigonal bipyramid with the local z axis along the axial
Cu�O bonds, and the dx2�y2 at the octahedron with the local
x and y axes along the equatorial Cu�O bonds). In the DFT+

U calculations these levels lead to the four unoccupied down-
spin bands that appear as four TDOS peaks in Figure 4. The
optical excitations in these bands are possible only from the
occupied down-spin bands. In the following, therefore, our
discussion will be confined to the down-spin bands.

The highest occupied band has a strong contribution from
the O 2p states (Figure 4a), and strong Cu 3d contributions
occur at ca. 2.0 eV below the Fermi level (Figure 4a). Each
peak of the four unoccupied bands has Cu 3d and O 2p
contributions from the trigonal pyramids, as well as from the
octahedra (Figure 4a,b), as does the highest-occupied band
(Figure 4a,b). This feature is necessary for optical excitation
to take place from the highest occupied band to the four
unoccupied bands, which are responsible for the strong NIR
light absorption. (in Figure 3a, the NIR absorption spectrum
was fitted with four Gaussian peaks.) The electrons excited
from the highest occupied to the upper parts of the four
unoccupied bands will eventually cascade down to the lowest-
lying unoccupied band. The highest-occupied band has much
stronger Cu 3d and O 2p contributions from the trigonal
bipyramids than from the octahedra (Figure 4b,c). In the
lowest-lying unoccupied band, the octahedral and the trigonal
bipyramidal sites have nearly equal Cu 3d and O 2p contri-
butions, with slightly greater contributions from the octahe-
dra (Figure 4b and c). This suggests that the photo-generated
electrons from the CuO4(OH) trigonal bipyramids are
transferred to the CuO4(OH)2 octahedra. These polyhedra
share their OH corners (Figure 1a), on which both the dz2

orbital of CuO4(OH) and the dx2�y2 orbital of CuO4(OH)2

have a substantial O 2p contribution. In the four unoccupied
bands, the O 2p contribution from the OH groups is weak in
the lowest-lying one, but strong in the upper three (Fig-

Figure 2. a) SEM image of Cu2(OH)PO4 microcrystals; b) XRD pattern
of Cu2(OH)PO4.

Figure 4. TDOS and PDOS plots calculated for Cu2(OH)PO4. a) The
PDOS plots for the total Cu 3d (blue) and O 2p (red) states; TDOS
(black). b) The PDOS plots for the O 2p states of the OH groups
(red), the Cu 3d states of the octahedral Cu sites (blue dots), and
those of the trigonal bipyramidal Cu sites (green); TDOS (black).
c) The PDOS plots for the O 2p states of the O atoms belonging only
to the CuO4(OH)2 octahedra (purple dots) and those belonging only to
the CuO4(OH) trigonal bipyramids (pink); TDOS (black).
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ure 4b). Thus, the photogenerated electrons from the
CuO4(OH) trigonal bipyramids that reach the upper three
unoccupied bands are easily transferred to the CuO4(OH)2

octahedra. Once they come down to the lowest-lying unoc-
cupied band, they will be prevented from back-transferring to
the adjacent trigonal bipyramidal sites, because the O 2p
contribution from the OH groups is weak in that band
(Figure 4b). Thus, the photogenerated electron-hole pairs in
Cu2(OH)PO4 can be effectively separated and the photo-
oxidation would take place in the vicinity of the CuO4(OH)
trigonal bipyramids. For this to occur efficiently, the surface of
Cu2(OH)PO4 exposed to the NIR irradiation should have
both CuO4(OH)2 octahedra and CuO4(OH) square pyramids.
This should be the case because, as the SEM image (Fig-
ure 2a) shows, there are plenty of ravines on the surface of the
Cu2(OH)PO4 microcrystals. Thus, the mechanism for the
photocatalytic reaction of Cu2(OH)PO4 under NIR irradia-
tion can be summarized as follows, where TBP and OCTrefer
to trigonal bipyramidal and octahedral sites, respectively:

TBP CuII þ hn! TBP CuIII þ e� ð1Þ

OCT CuII þ e� ! OCT CuI ð2Þ

TBP CuIII þ 2,4-DCP! TBP CuII þH2Oþ CO2 þHþ þCl� ð3Þ

OCT CuI þHþ þO2 ! OCT CuII þH2O ð4Þ

The electron–hole pairs generated at the CuO4(OH)
trigonal bipyramids are separated by transferring the photo-
generated electrons to the neighboring CuO4(OH)2 octahe-
dra. Formally, this leads to CuIII sites at the CuO4(OH)
trigonal bipyramids and CuI sites at the CuO4(OH)2 octahe-
dra. Then the CuIII sites oxidize 2,4-DCP and, as a result,
become CuII; whereas the CuI sites react with H+ and O2 in
the solution, thus returning to CuII and completing the full
photocatalytic circle.

In summary, Cu2(OH)PO4 strongly absorbs in the NIR
region and is an effective photocatalyst that oxidizes 2,4-DCP
in aqueous solution under NIR irradiation. The photocata-
lytic activity of Cu2(OH)PO4 is explained by an effective
separation of the electron–hole pairs. Our work suggests that
it would be promising to examine the transition-metal oxides
with different coordination environments for the metal ions in
the search for more NIR-activated photocatalysts.

Experimental Section
Cu2(OH)PO4 microcrystals were prepared by a hydrothermal method
in which stoichiometric amounts of Cu(NO3)2 and Na2HPO4 were
mixed into deionized water (ca. 80 mL) under constant stirring for
1 h, and then the pH of the suspension was adjusted to seven. The
suspension was transferred into a 120 mL sealed teflon-lined auto-
clave and followed by hydrothermal treatment at 120 8C for 6 h. The
sample was collected by filtration, then thoroughly washed with

Figure 3. a) UV/Vis/NIR absorption spectrum of Cu2(OH)PO4, where the NIR region was fitted with four Gaussian peaks. Original (black),
670 nm (red), 864 nm (blue), 1121 nm (green), 1349 nm (pink). b) Photodegradation of 2,4-DCP in aqueous solution over Cu2(OH)PO4

microcrystals with NIR irradiation at 20–258C. The fraction of the concentration of 2,4-DCP that remains in the solution after irradiation is plotted
as a function of the irradiation time. Loss of 2,4-DCP from photoctalytic decomposition (black squares), Loss of 2,4-DCP from volatilization (red
circles). c) Absorption spectra of the aqueous solution of 2,4-DCP as a function of the irradiation time. 0 h (black), 1 h (red), 2 h (light blue), 3 h
(green), 4 h (pink), 5 h (gold), 6 h (dark blue). The arrow (at ca. 284 nm) indicates the direction of increasing reaction time. d) XPS spectra of the
Cu states of the Cu2(OH)PO4 sample before (black) and after (red) the photodegradation experiments.
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deionized water and ethanol, and finally dried in an oven at 60 8C
overnight.
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