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The oxygen evolution reaction (OER) is known to be the bottleneck of water-splitting. AgzPO, is a highly
efficient visible light photocatalyst for dye degradation and water oxidation to O,, with a higher OER rate
than BiVO,4 and WOs. Despite extensive studies on AgszPOg4, the surface properties including surface
electronic states, reaction sites and mechanisms of OER on AgzPO, surfaces are not clear at present.
Herein, we reported a comparative first-principles density functional theory study of the bulk, surface
properties and the mechanism of OER on the three primary low index facets of AgzPO,: (100), (110) and
(111). We revealed for the first time that the rate-limiting step of the OER on AgszPO, (100), (110) and (111)
surfaces is the dehydrogenation of HO* (HO* — O* + H* + e7), which is different from most reported
metal oxides and nitrides like TiO, and g-CzN4. The OER process on the (100) surface tends to proceed
by following a different mechanism as that on the (110) and (111) surfaces. The illumination of the AgsPO4
(100), (110), and (111) surfaces with solar light provides enough overpotential for the OER to proceed
spontaneously. In particular, the free energy change of removal of the first proton from water on the
AgzPO, (111) surface is much lower than that on (100) and (110) surfaces, giving an explanation for the
experimentally observed higher catalytic activity of the (111) surface. The exposed phosphorus atoms on
the AgzPO, (111) surface promote the dehydrogenation of H,O and suppress the formation of mid-gap
states. Our results are profound for understanding the underlying mechanism of the photocatalytic water
oxidation process occurring on AgzPO, surfaces, and serve as a foundation for developing new high-
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1 Introduction

Direct splitting of water using an efficient photocatalyst is
a clean and sustainable technique to produce renewable fuels
and has fascinated researchers for over 40 years.'”® There has
been remarkable progress in developing inorganic and organic
systems with high photocatalytic activities for water splitting
into H, and O, under ultraviolet and visible light, such as n-type
TiO,,* NaTaO3,” La,Ti, 0 (ref. 6) and Sr,NbO,,” GaN-ZnO solid
solutions,*® and Pt-PdS/CdS*™ etc. However, these reported
photocatalysts for overall water splitting still suffer from very
low quantum efficiency in the visible range, with solar-to-
hydrogen efficiencies of less than 0.1%."** A main reason is
that water oxidation to O, is difficult. The water splitting reac-
tion can be treated in terms of two coupled half-reactions, the
H, evolution reaction (HER) and O, evolution reaction (OER).
The OER is recognized as a much more complicated process

“State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the
Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002, China. E-mail:
wke@fjirsm.ac.cn

*State Key Laboratory of Photocatalysis on Energy and Environment, College of
Chemistry, Fuzhou University, Fuzhou 350002, China
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra02853a

23994 | RSC Adv., 2017, 7, 23994-24003

performance AgzPO,4 based photocatalysts for water splitting and organic contaminant decomposition.

and with a much lower reaction rate since the formation of
molecular oxygen involves four-electron transfer and occurs on
a timescale of ca. 5 orders of magnitude slower than H, evolu-
tion.*>** This suggests that a hole would easily recombine with
an electron before completion of the OER.

In 2010, Yi et al. reported a new use of cubic Ag;PO, semi-
conductor, which shows extremely high quantum yield (up to
80-90%) of O, generation from water oxidation at wavelengths
less than 480 nm."” They demonstrated that Ag;PO, outperforms
BivO, and WOj; (two of the most well-studied visible-driven
water oxidation photocatalysts) in terms of OER rate and dye
degradation.”*® The origin of its high performance was
proposed to be the formation of highly dispersive Ag s-Ag s
hybrid bands at the conduction band minimum (CBM), which is
advantage for the transfer of carrier to surface.”® Afterwards,
Martin and Bi et al. further improved the activity of the Ag;PO,
by controlling the percentage of exposed facets on crystal
surfaces.'>* They found that tetrahedral crystals, composed of
(111) facets, show a 10 times higher initial oxygen evolution rate
than either (110) or (100) facets.* Theoretical calculations of the
surface energies for these facets have been performed to explain
the facet effect on their photocatalytic activity difference.*>*
However, the value of surface energy is a very limited criterion to
assess photocatalytic activity. Ag;PO, nanocrystals with
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controlled particle size have been found to exhibit high visible
light activity due to the increased specific surface area.” Many
Ag;PO, based composite photocatalysts including TiO,/
Ag;PO,,> graphene/Ag;PO, (ref. 24 and 25) and Ag/Ag;PO, (ref.
26-28) have been prepared to improve photocatalytic activity of
Ag;PO, by enhancing separation of photogenerated electron-
hole pairs. The efficiency of OER on a semiconductor surface is
usually determined by four fundamental processes: (i) light
absorption; (ii) separation of photoexcited electron-hole pairs;
(iii) migration of electrons and holes towards the surface; and
(iv) eventual reduction/oxidation reactions.’ The first three
processes take place in the bulk region of the photocatalyst,
which have been well studied by the screened hybrid functionals
and GW perturbation theory. Nevertheless, the last process, i.e.
the oxidation/reduction reaction, on Ag;PO, surfaces are not at
present clear, especially the mechanism of OER. A complete
atomic-scale understanding of the OER process on this
advancing high efficient visible light photocatalyst is imperative.
In this work, particular attentions are focused on the following
questions: (i) does the OER take place on Ag;PO, (100), (110) and
(111) surfaces following the same mechanism as that in a few
most reported metal oxides such as TiO,, and nitrides like GaN,
and g-C3N,?*%'%293¢ If yes, do they have the same rate-limiting
step? (i) What factors lead to the surface-dependent photo-
catalytic activity of AgzPO, (100), (110) and (111) surfaces? (iii)
What role does the surface microstructure have in determining
the surface electronic structure and the barrier of OER step?

In the work, we reported a systematic study of the bulk,
surface properties and the mechanism of OER on three primary
low index facets of Ag;PO,: (100), (110) and (111) by combining
hybrid DFT calculations and first principles thermodynamics.
In Section 2, the computational methods and the surface
models are presented. The method to calculate the free energy
differences between the different reaction steps is briefly
introduced. All possible surface terminations for each surface
orientation ([100], [110] and [111]) were optimized. In Section 3,
we first investigate the bulk properties of Ag;PO,. They are
found to be well reproduced by PBEO hybrid functional,
including accurate band gap and highly dispersive CBM. We
then calculate and compare the geometries, surface formation
energies, surface electronic structures, and the reaction mech-
anism steps of the OER of the Ag;PO,: (100), (110) and (111)
surfaces. The theoretical overpotential for the OER at an applied
potential U and a given pH is determined. Possible explanations
for the surface-dependent photocatalytic activity of Ag;PO, are
discussed. Lastly, we investigate another two possible mecha-
nisms of the OER on Ag;PO, surfaces. We suggested that this
study is crucial for the understanding of the photocatalytic
process occurring at Ag;PO, surfaces. It also provides useful
insights for designing better anode materials in (photo) elec-
trochemical water splitting cells.

2 Methods and model
2.1 Method

Our calculations on the bulk Ag;PO, and three primary low
index facets of AgzPO,: (100), (110) and (111) were performed
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using the plane-wave basis Vienna Ab initio Simulation Package
(VASP) code.** The projected augmented wave (PAW)*
potentials with the valence states 2s and 2p for O, 3s and 3p for
P, and 4d and 5s for Ag were used to treat the core-valence
interaction. The Perdew-Burke-Ernzerhof (PBE) functional
was used for the structural optimization. It has been found to
reproduce the structural properties of bulk Ag;PO,.** To better
describe the exchange-correlation effects of localized electrons,
three hybrid functionals (PBE0O, HSE03 and HSE06)** were used
for the electronic structure calculations. The PBE functional was
also used for comparison. A I'-centered 5 x 5 x 5 Monkhorst-
Pack grid for the Brillouin zone sampling** and a cutoff energy
of 450 eV for the plane wave expansion were found to obtain
accurate lattice parameters of the bulk Ag;PO,.

2.2 Model

The (100), (110) and (111) surfaces of Ag;PO, were modeled using
a period slab with a vacuum space of 15 A in the direction of
surface normal, which is thick enough for the system to converge
to an accurate total energy. The atoms in the slab were allowed to
fully relax until the residual forces acting on all the constituent
ions dropped below 0.05 eV A~%. A I'-centered 5 x 5 x 1 Mon-
khorst-Pack k-point grid and a cutoff energy of 450 eV were found
to get convergent total and adsorption energies. A self-consistent
dipole correction was applied in the direction of surface normal
in the structural relaxations and total energy calculations.

The adsorption energy for adsorbate species A was calculated
as the energy difference: AE,qs = Exs — (Ex + E5). Where * is the
bare surface, *A indicates the adsorption of species A on the
surface *, and E, is the energy of A in its gas state.

2.3 Thermodynamics and photocatalysis for OER

The water oxidation reaction can be written as
H,O — 10, + 2H" + 2¢™ (1)

We modeled this reaction using the method developed by
Norskov and coworkers,**** who have studied the water oxida-
tion on different metal oxide surfaces, such as TiO,, RuO,, and
IrO,. The reaction is decomposed into four one-electron steps
A-D:

A
H,O + * > HO* + H" + e~ (2)

B
HO* - O*+ H' + ¢~ (3)

C
H,0 + O* — HOO* + H* + ¢~ (4)

D
HOO* — O, + *+ H" + e (5)

RSC Adv., 2017, 7, 23994-24003 | 23995
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The above mechanism is the most common one of the water
splitting on semiconductor surfaces. We denote this mechanism
as mechanism I. It involves the dehydrogenation of H,O, fol-
lowed by the dissociation of HO* to O*. Subsequently, O* reacts
with another H,O to generate HOO* which then dehydrogenates
to 0,.>** Another two possible mechanisms (mechanism II
involving the HOOH*, mechanism III involving the interaction
between O* and HO*) are discussed in Section 3.3.

The method we used in the work concentrates on the ther-
mochemistry of the reaction. We assume that the reaction
proceeds through one-electron transfer steps which depend
directly on the applied potential. The overpotential needed for
the different elementary steps is restricted to the barriers that
come from differences of free energies (AG) of the intermedi-
ates. Kinetic barriers arising from the diffusion of species is not
included in the model. From the results, we can evaluate
whether OER may take place thermodynamically at a given pH
and an applied potential. The details of the calculation of AG
are summarized as follows.*

Free energy change AG, = AE + AZPE — TAS, with AE
denoting the total self-consistent energy change (reaction
energy) derived from DFT calculations, AZPE indicating the
differences in zero-point energies, and AS indicating the change
of entropy. ZPE for the OER intermediates were obtained from
the vibrational frequencies. We assume that S = 0 for the
intermediates adsorbed on the surface, because of the absence
of translational and rotational motions upon adsorption. For
free gas-phase molecules, we obtained ZPE and S from ther-
modynamics database.*

At standard conditions (U= 0, pH = 0, p = 1 bar, T = 298 K),
the free energy change of the reaction *AH — H" + A + e is
equivalent to that of the reaction *AH — 1H, + A. Thus, the free
energy of H' + e~ has been replaced by 1H,. Under the influence
of a potential bias U and an infinite pH, the free energy differ-
ence was shifted by AG(U, pH) = AGy + AGpy = —eU — kT In 10
x pH.

In comparison with H,O and H,, O, has a much more
complicated electronic structure which cannot be described
accurately by DFT. In this work, the free energy change of the
total reaction H,O0 — %02 + H, is fixed at the experimentally
found value of 2.46 eV to avoid the direct calculation of O,
molecule. Hence, the free energy of an O, molecular can be
written as: G[O,] = 4.92 — 2E[H,] + 2E[H,0] — (AZPE — TAS)
[2H,O0 — O, + 2H,]. More details about this method can be
found in the reference by Norskov and coworkers.*

Based on above assumptions, the reaction free energy
changes (AG) for the proposed reaction steps in mechanism I
are calculated by the following equations:

AGx = AEx + 12Ey, — Eno + (AZPE — TAS)s

—eU—kTIn10 x pH (6)
AGg = AEg + 1/2Ey, + (AZPE — TAS)g — eU — kT'In 10 x pH
)

AGC = AEC + I/ZE‘Hz - EH20 + (AZPE - TAS)C
—eU—kT1In 10 x pH (8)
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AGD =492eV + AED — 3/2EH2 + 2EHZO
+ (AZPE — TAS)p — eU — kT'In 10 x pH 9)

3 Results and discussion
3.1 Bulk properties

For reference, we first preliminary investigate the geometry and
electronic structure of bulk Ag;PO,, which have been extensively
studied.>**>*”*® The optimized equilibrium lattice parameter at
PBE level with a I'centered 5 x 5 x 5 k-point mesh is 6.087 A,
which is well within the theoretical uncertainties (1.36%) as
compared with the experimentally reported values. As illus-
trated in Fig. 1(a), cubic Ag;PO, has P43n symmetry with each
atom tetrahedrally coordinated.’” The [PO,]*~ tetrahedral unit
with strong P-O bonds weakens the covalent nature of Ag-O
bonds. Umezawa et al. suggested that this special structural
character inhibits the hybridization of 4d orbitals of Ag and 2p
orbitals of O, and forming highly dispersive Ag s-Ag s hybrid
bands at CBM. The delocalized charge distribution at CBM
results in a small mass of the photoexcited electron, which is
advantageous for the transfer of carrier to surface.*

It has been proven that the conventional exchange-correla-
tion (XC) functionals such as GGA/PBE and LDA usually
underestimate the band gap of semiconductors due to the self-
interaction error in the approximate exchange functional.*>*°
Previous studies have confirmed that the band gap of bulk
Ag;PO, calculated by the LDA and GGA are far smaller than the
experimental value.”**”*® A hybrid functional that includes
a portion of exact exchange can correct much of this error. In
this work, three hybrid functionals (PBEO, HSE03 and HSEO06)
and a PBE functional were adopted for the electronic structure
calculation of bulk Ag;PO,. We find the band gap value of
2.46 eV obtained by PBEO functional is in good agreement with
the experimental value of 2.36 eV." It is also consistent with our
previous study.*” By contrast, the obtained band gap values by
using the PBE, HSE03 and HSEO06 functionals are 0.18, 1.48, and
1.76 eV, respectively, which all underestimate the band gap. The
reason for such a large discrepancy of band gap obtained by
different functionals is mainly attributed to the portion of Fock
exchange potential included in the calculation of XC energy.
The results suggest the importance of using proper XC func-
tional and parameters to obtain an accurate description of
electronic structure of Ag;PO,. The obtained band structure of
bulk Ag;PO, at PBEO level is shown in Fig. 1(b). The corre-
sponding total and partial DOS for CB and VB are shown in
Fig. 1(c-e). The most desirable characteristic of the electronic
structure of bulk Ag;PO, is its highly dispersive CBM, which
leads to a small effective mass of photoexcited electron. The
CBM is mainly composed of the delocalized 5s orbitals of Ag
atoms (see Fig. 1(e)). As the formation of the metallic Ag-Ag
bond, Ag s -Ag s hybrid orbitals embrace the [PO4]*~ tetrahedral
units, which is beneficial for the transfer of photoexcited elec-
trons.>® The VBM is predominated by O 2p and Ag 4d orbitals, as
shown in Fig. 1(d). The relatively flat energy bands near the VBM
result in a large effective mass of photoexcited hole. In our
previous work, we have determined the effective mass of the

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (a) Crystal structure representation of bulk AgsPO,4 with indication of PO, tetrahedral unit in purple. Ag, O, and P atoms are represented by

silver, red and purple balls, respectively. (b) Band structure of bulk AgzPO, calculated by the PBEO functional. The Fermi level was set to the zero
of energy. (c) Total DOS of bulk AgzPOy4. (d) The enlarged plots of the partial DOS of bulk AgzPO, close to the VBM. (e) The enlarged plots of the

partial DOS of bulk AgzPO4 close to the CBM.

electron (m,) and the hole (my,) of bulk Ag;PO, to be 0.47m,
and 2.13m,, respectively.® The value of m; /m., of bulk Ag;PO, is
4.5, which is much larger than that of some other ternary oxides
photocatalysts such as BiVO, (m,/m_=1)." A significantly
different mobility between photoexcited electron and hole
results in a low recombination rate of electron-hole pairs. The
results suggest that Ag;PO, has an excellent band edge for
carrier separation. These special inherent characters of bulk
Ag;PO, actually contributes to a high photocatalytic activity of
Ag;PO,. As the water oxidation process takes place on the
surface of photocatalyst, the photocatalytic activity is also
strongly affected by the surface properties, which is the subject
of next section.

3.2 Surface properties

Structures. Next, we studied the (100), (110) and (111)
surfaces of Ag;PO, employing a slab model with a lateral size of
1 x 1 unit cell and a thickness that contains six Ag;PO, units, as
illustrated in Fig. 2. The slab thickness is sufficiently large such
that the center region exhibits the corresponding bulk-like
structure after fully relaxation.

All possible termination structures for each surface orien-
tation ([100],[110] and [111]) were built and fully optimized. The
termination structures and the corresponding formation ener-
gies were listed in Fig. S1 and Table S1 in the ESI.{ The surface
termination with the lowest formation energy for each surface
orientation was identified and selected for further study. Here,
we briefly introduce the structural characters of these three

This journal is © The Royal Society of Chemistry 2017

surfaces. Fig. 2(a—c) present a side view of the most stable
geometries for the Ag;PO, (100), (110) and (111) surfaces,
respectively. It can been seen that the atoms in the top few
layers of these surfaces undergo strong rearrangement to
minimize the surface energy after fully relaxation. Specifically:
(i) (100) surface. The outmost Ag atoms are found to move
inward by 0.39 A after relaxation. The O atoms in the second
subsurface tend to move outward. Both the near-surface Ag and
O atoms are coordinatively unsaturated. The Ag atoms in the
outmost surface are coordinated with two O atoms, while the O
atoms are threefold coordinated with two Ag atoms and one P

(b)

I 110

Fig. 2 Side view of the optimized AgzPO, (100) (a), (110) (b) and (111)
(c) surfaces.

RSC Adv., 2017, 7, 23994-24003 | 23997
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atom. Both Ag and O atoms are fourfold coordinated in the bulk
region of Ag;PO,. The tetrahedral structure of the near-surface
[PO,>~ unit is not distorted much after surface relaxation,
indicating the strong P-O covalent bonds in the (100) surface.
(ii) (110) surface. Like (100) surface, the outmost under-
coordinated Ag and O atoms in (110) surface tend to lie on
a plane. The near-surface O atoms are twofold coordinated, and
Ag atoms are threefold coordinated. (iii) (111) surface. In the
(111) surface, the P and O atoms are displaced on the outmost
layer. This is different from the (100) and (110) surfaces, in
which the P atoms are not exposed on the outmost surface. The
P atom on the top layer of (111) surface coordinates with three O
atoms, forming a triangle with P atom at the center. In addition,
one single O-P bond with length of 1.49 A is found on the
second subsurface.

Surface formation energy. Large surface formation energy
has been used as one simple indication for the high photo-
catalytic activity from theoretical consideration.">*"** With the
optimized structures, we calculated the surface formation
energy by Er = (Egap — Epulk)/24, where Eg,p, and Epyi are the
total energies of the relaxed slab and bulk structures, respec-
tively, A is the surface area, and the factor of 2 indicates the two
separate surfaces of the slab model. The number of atoms is the
same in calculating the Eg,, and Epyk.

The predicted E¢ values for the (100), (110) and (111) surfaces
of Ag;PO, are 0.34] m™~2,0.38 ] m > and 0.66 ] m ™2, respectively.
The obtained relative stability of these three surfaces is
consistent with the experimental fact that (111) surface is more
reactive than (110) and (100) surfaces.” The results also agree
with earlier theoretical data of Martin'® and Bi** et al. Since the
(100) and (110) surfaces have similar atomic arrangement in the
outmost surface (containing unsaturated Ag and O atoms), the
E; of (100) surface is thus only a little smaller than that of (110)
surface. By contrast, the (111) surface has a significantly larger
E¢ than that of (110) and (100) surfaces. Such a discrepancy
might be ascribed to the presence of more abundant active sites
on the (111) surface as compared to the (110) and (100) surfaces.

Surface electronic structure. Next, we further examine the
electronic structure of the Ag;PO, (100), (110) and (111) surfaces
at PBEO level. Fig. 3(a—c) show the total DOS for these three
surfaces. We see the total DOS are sensitive to the surface
atomic arrangement. For the (100) and (110) surfaces, the highly
localized states are formed deep in the gap. In this case, the
transition energy of the photon can be reduced, enabling
absorption of more solar light. Nevertheless, these mid-gap
states may also act as charge carrier recombination centers
and reduce the photocatalytic efficiency.”*>* By contrast, we
notice there is no impurity states in the mid-gap of the (111)
surface. This can largely avoid the formation of charge carrier
recombination centers and improve the photocatalytic effi-
ciency.”® The origin of the mid-gap states in the (100) and (110)
surfaces was further examined by plotting the partial (band
decomposed) charge density, as shown in the inset of Fig. 3(a
and b). We see the main contributions to the mid-gap states are
from the Ag and O atoms in the top three layers of surfaces. The
partial DOS analysis (Fig. S3-S5, ESIT) suggests that these mid-
gap states are mainly composed of 5s and 4d orbitals of Ag
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(a)
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Energy(eV)

Fig.3 Total DOS of the AgzPO4 (100) (a), (110) (b) and (111) (c) surfaces.
The band decomposed charge density for the mid-gap states in the
(100) and (110) surfaces are depicted in the inset of (a) and (b),
respectively. Here, the color code for the different atoms is as in Fig. 1.
The isosurface (yellow surface) is at 0.002 e bohr—> and 0.001 e bohr 3
for (100) and (110) surfaces, respectively.

atoms and 2p orbitals of O atoms. From the partial charge
density plots, we see that the surface effect extents only a few
layers deep. We have further studied the partial DOS of the
outmost P and O atoms on the (111) surface. As shown in Fig. S6
(ESIT), we found their PDOS are all located inside the valence
band and conduction band. The results suggest that the P atom
in the [PO;] unit on the outmost layer of (111) surface has been
satisfied with three P-O bonds. The reorganization of atoms
and electrons reduces the unpaired bonds, and therefore
prevents mid-gap states in the (111) surface.

3.3 Mechanisms of OER

Adsorption. Since the free energy curves are quite sensitive to
the adsorption energies, as many as possible of the adsorption
sites for each adsorbate (HO*, O* and HOO¥*) were carefully
tested. In ESI,T we depicted the initial adsorption sites for each
adsorbate on the Ag;PO, (100), (110) and (111) surfaces in
Fig. S2.7 The bottom one-third of the slab was fixed during the
relaxation. In total, more than 190 adsorption configurations
were optimized. The side views of the most stable adsorption
geometries for each adsorbate were displayed in Fig. 4(a-i). The
corresponding adsorption energies were listed in Table 1.

HO*. As shown in Fig. 4(a), the HO* species is found to be
covalently bond to three Ag atoms with the O-H bond perpen-
dicular to the (100) surface plane. Similarly, the most stable
adsorption site of HO* on the (110) surface is bond to two Ag
atoms (Fig. 4(d)). Specially, the HO* species on the (110) surface
also connects with a neighboring O atom via a hydrogen bond.
The calculated length of the hydrogen bond is 2.02 A. In
contrast, the HO* species on the (111) surface is stabilized by
the unsaturated P atom with strong P-O covalent bonding (see
Fig. 4(g)). The adsorption energies of the HO* species on the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Side views of the optimized geometries of relevant species (HO*, O* and HOO*) during OER on AgzPO, (100) (a—c), (110) (d—f) and (111)
(g—i) surfaces. The hydrogen bond is indicated by dashed line. The O atoms in the HO*, O*, and HOO* species are indicated as orange spheres.

Table 1 Calculated adsorption energies of HO*, O* and HOO* on
AgzPO4 (100), (110) and (111) surfaces

Adsorption energy

(eV) (100) (110) (111)

HO —2.40 —2.04 —3.93
o] —2.98 —2.23 —4.29
HOO -1.01 —1.09 —2.20

(100), (110) and (111) surfaces of Ag;PO, are calculated to be
—2.40, —2.04, and —3.93 eV, respectively. The much lower value
of the adsorption energy for the HO* adsorbed (111) surface is
attributed to the formation of strong P-O covalent bonds.

O*. The O* species is found to be covalently bond to three
(two) unsaturated Ag atoms for (100) ((110)) surface, forming an
Ag-oxide group. The average Ag-O* bond length of the Ag-oxide
group is 2.14 A for the (100) surface and 2.02 A for the (110)
surface, respectively. The most stable adsorption site of O* on
(111) surface is still the on-top site above the unsaturated P
atom (Fig. 4(h)). The P-O* bond length is 1.5 A, which is smaller
than that (1.61 A) in HO* adsorbed (111) surface. It suggests
that the dehydrogenation of hydroxyl makes P-O* covalent
bond stronger in the (111) surface. The adsorption energy of O*
on the (111) surface is found to be —4.29 eV, also significantly
lower than that on the (110) and (100) surfaces (—2.23 eV and
—2.98 eV, respectively).

HOO*. The O* species reacts with another H,O molecular
and generates an HOO*. The HOO* species on the (100) surface
is also found to be covalently bond to three Ag atoms, but with
longer Ag-O average bond length of 2.33 A as compared to the
O* adsorbed (100) surface. The adsorption energy (—1.01 eV) is
thus significantly larger than that (—2.98 eV) of O* absorbed
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(100) surface. The HOO* species on the (110) surface is only
bound to one Ag atom with Ag-O bond length of 2.18 A
(Fig. 4(f)). Nevertheless, it is also stabilized by a hydrogen bond
with H-O (surface) length of 1.34 A. The adsorption energy for
HOO* absorbed (110) surface is calculated to be —1.09 eV, close
to that of HOO* absorbed (100) surface. In the (111) surface,
a covalent bond between HOO* and P atom with a P-O bond
length of 1.65 A is formed. It still has the largest adsorption
energy (—2.20 eV) as compared to that of HOO* absorbed (100)
and (110) surfaces.

Mechanisms. The calculated free energy changes for the
(100), (110) and (111) facets of Ag;PO, following mechanism I
(see Fig. 5(a)) at the potential of U = 0 and pH = 0 were plotted
in Fig. 5(b). From Fig. 5(b), we see that all four steps are uphill
for (100) and (110) surfaces. It suggests that each step (A-D) of
the OER on (100) and (110) surfaces is endothermic at U= 0 and
pH = 0. Interestingly, the AG, was found to be negative
(exothermic) for the (111) surface. It indicates that the first
deprotonation of the absorbed water molecular becomes to be
a favorable step on the (111) surface, compared with the (100)
and (110) surfaces. This is attributed to the much lower
adsorption energy of HO* on the (111) surface, as illustrated in
Table 1. Although there is a significant difference in AG,
between different surfaces, the rate-limiting step for all three
surfaces is the step B, i.e. the dehydrogenation of HO* (HO* —
O* + H' + e7). This is different with previous studies on other
oxides and nitrides surfaces, such as TiO, (ref. 46) and g-
C;3N,4,*>* in which the rate-limiting step is the step A, that is, the
removal of proton from water (H,O + * — HO* + H' + ¢7). The
difference in the rate-limiting step is due to the variation of the
adsorption strength of HO* among different surfaces. The
adsorption energies of HO* on the (100), (110) and (111) facets
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Fig. 5

(@) Oxygen evolution reaction mechanism [; (b—d), the free energies of the intermediates on AgzPO,4 (100), (110) and (111) surfaces

following mechanism | at pH = 0 and U = 0 (b), 1.23 V (c), and 2.81 V (d).

of Ag;PO, (see Table 1) are significantly lower than that in g-
C3N, (—1.63 eV)* and TiO, (—1.85 eV).*® It suggests that the HO
species is energetically more favorable to be adsorbed on
Ag;PO, surfaces than on TiO, or g-C3N, surface. Meanwhile, the
dehydrogenation of HO* becomes more difficult on Ag;PO,
surfaces. At pH = 14, the free energy difference for each step
would be decreased by 0.83 eV (kT In 10 x pH), as illustrated in
Fig. S7 in ESL}

The free energy changes at the equilibrium potential (U =
1.23 V) and pH = 0 were plotted in Fig. 5(c). We see that the
steps of A and D of the OER on (100) surface change from uphill
to downhill. For the (110) surface, the steps of C and D change
from uphill to downhill. For the (111) surface, the AG for the
step B, C, and D tend to be less positive compared with U= 0. To
have every step downhill, an overpotential of 0.49, 0.87, and
0.71 V is required for (100), (110), and (111) surfaces respec-
tively. These values are in the same magnitude as those of other
semiconductor oxides like TiO, (0.78 V),** RuO, (0.37 V)*¢ and
IrO, (0.56 V).**

Under irradiation, the difference between the O, evolution
redox potential (1.23 V vs. NHE) and the redox potential corre-
sponding to the valence band of Ag;PO, is assumed to be
driving force for the photo-oxidation of water.”>*> The redox
level for the valence band edge Uyg of Ag;PO, has been found
experimentally to be about 2.81 eV for pH = 0.7 According to
Fig. 5(d), the value of Uyp provides enough overpotential to
compel every step of OER to be downhill for all three surfaces. It
suggests that the photoexcited hole in Ag;PO, can afford suffi-
cient overpotential for OER to proceed spontaneously on (100),
(110), and (111) facets of AgzPO,, in good agreement with the
experimental findings by Martin and Yi et al.*>" In particular,
the photo-oxidation of water would be more likely to take place
on (111) surface than on (110) and (100) surfaces, due to the
much lower overpotential for the first step of OER on the (111)
surface (—3.16 V) than that on the (100) and (110) surfaces
(—1.65 V and —1.28 V, respectively). The results are consistent
with previous experimental findings where the tetrahedral
Ag;PO, crystals, composed of (111) facets, show a higher oxygen
evolution rate than either (110) or (100) facets.*®

24000 | RSC Adv., 2017, 7, 23994-24003

We further studied another two possible mechanisms that
have been reported in studies of TiO, and g-C;N,.*>* The two
new mechanisms are referred to as mechanism II and III,
respectively, as illustrated in Fig. 6(a). In mechanism II, the step
A is same as that in mechanism I, i.e. the dehydrogenation of
H,O0. Step B’ is that the absorbed HO* reacts with another water
to yield HOOH*. The HOOH* intermediate further dissociates
to HOO* in step C/, followed by a dehydrogenation step to O, in
the last step.?® The four steps of mechanism II can be written as:

A

2H,O + * - H,0 + HO*+ H" + ¢~ (10)

B/
H,O + HO* - HOOH* + H" + ¢~ (11)

C/
HOOH* — HOO* + H" + ¢~ (12)

D
HOO* - O, + *+ H" + e (13)

The mechanism III involves two steps of dehydrogenation of
H,O to produce HO* species (step A and step C”). In step B, one
HO* dissociates the hydrogen atom to yield atomic O*. In step
D", the atomic O* eventually reacts with another HO* to
generate O, gas.” The four steps of mechanism III can be
written as:

A

2H,O + * - H,O + HO*+ H" + e (14)
B

H,O + HO* »> H,O+ O*+ H" + ¢~ (15)
o

H,O + O* > HO*+ O*+ H" + ¢~ (16)

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) Oxygen evolution reaction (OER) mechanism Il and IIl. (b and c) The free energies of the intermediates on AgsPO,4 (100), (110) and (111)

surfaces following mechanism Il (b) and Il (c) at pH = 0 and U = 0.

D//

HO* + O0* > O, +2*+ H' + ¢~ (17)

The calculated free energies of the intermediates following
mechanism II and III at the potential of U = 0 V and pH =
0 were plotted in Fig. 6(b and c), respectively. If the mechanism
II is operated, the rate-limiting step for all three surfaces
corresponds to the step B/, i.e. the formation of HOOH*, as
seen from Fig. 6(b). Especially, the free-energy difference of
step B’ raises as much as 3.96 eV for the Ag;PO, (111) surface at
U = 0 and pH = 0. This value has exceeded the valence band
edge of Ag;PO, (Uyp = 2.81 eV), as shown in Fig. 7(a). It indi-
cates that the photoexcited hole in the valence band edge of
Ag;PO, (111) surface cannot provide sufficient overpotential
for the step B’ of mechanism II to proceed. For the (100)
and (110) surfaces, the thermodynamic barriers of the rate-
limiting step (step B) following mechanism II are 2.58, and
2.53 eV respectively, which are a little smaller than Uyg.
However, they are much larger than the barriers of rate-
limiting step in mechanism I (1.72 eV for (100) surface,
2.1 eV for (110) surface). Therefore, we tend to consider the
mechanism II involving a HOOH* intermediate less favorable
than mechanism I for the oxidation of water on Ag;PO, (100),
(110), and (111) surfaces.

In mechanism III, the rate-limiting step for the Ag;PO, (100)
and (110) surfaces is still the step B (the dehydrogenation of
HO¥), similar to the mechanism I, as seen from Fig. 6(c). Inter-
estingly, in comparison with mechanism I, the rate-limiting step
for the AgzPO, (111) surface changes from step B to step D”, in
which O* reacts with an HO* to generate O, gas. The corre-
sponding barrier of rate-limiting step for (111) surface increases
from 1.94 eV to 3.68 eV at U = 0, which also exceeds the

This journal is © The Royal Society of Chemistry 2017

maximum potential energy gain from irradiation. Fig. 7(b) shows
that step D” is an endothermic process for Ag;PO, (111) surface
even under the irradiation (U = 2.81 V). Therefore, we conclude
that the mechanism II and III are unlikely to take place on the
Ag;PO, (111) surface. For (100) surface, the barrier of step C in
mechanism I is larger than that of step C” in mechanism III.
Therefore, the OER process would like to proceed by following
mechanism III for (100) surface. For (110) surface, the mecha-

nism I is more likely to take place as AGg < AGr.

|(a) Mechanism |l |(b) Mechanism IlI

AG(eV)

Fig. 7 The free energies of the intermediates on AgzPO, (100), (110)
and (111) surfaces following mechanism Il (a) and Il (b) at pH = 0 and U
=281V.
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4 Conclusions

We report here a comparative study of the bulk, surface prop-
erties and the photo-oxidation of water on three low index facets
of Ag;PO,: (100), (110) and (111) based on the first-principles
DFT and the thermochemistry of the reaction steps. The
conclusions are as follows: (1) for all three surfaces, the rate-
limiting step for the OER process is the dehydrogenation of
HO* (HO* — O*+H" +e7); (2) oxidation of water on the Ag;PO,
(100), (110), and (111) surfaces requires an overpotential of 0.49,
0.87, and 0.71 V respectively at the equilibrium potential (U =
1.23 V) and pH = 0; (3) the first proton removal of water (step A:
H,0 +* — HO*+ H' + ) is sensitive to the crystalline surface
structures. At U = 0 and pH = 0, the free energy changes of step
A (AG,) on (100) and (110) surfaces are endothermic, while AG,
is calculated to be negative (exothermic) for (111) surface. The
much lower adsorption energy of HO* on (111) surface leads to
the deprotonation of the first absorbed water molecular
becoming to be a favorable step in (111) surface, compared with
(100) and (110) surfaces; (4) the illumination of the Ag;PO,
(100), (110), and (111) surfaces with light provides enough
overpotential for the photooxidation to proceed spontaneously;
(5) the OER process tends to proceed by following mechanism
I1I on the (100) surface. By contrast, the (110) and (111) surfaces
would like to oxide water by following mechanism I; (6) the total
DOS plots are strongly related to the surface geometry. For the
(100) and (110) surfaces, the highly localized states are formed
deep in the gap. In contrast, there is no impurity states in the
mid-gap of (111) surface. This can largely avoid the formation of
charge carrier recombination centers and improve the visible
photocatalytic efficiency. Our results are important for under-
standing the underlying mechanism of the photocatalytic water
oxidation process occurring at Ag;PO, surfaces, and serve as
a foundation for developing new high-performance Ag;PO,
based photocatalysts for water splitting.
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