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a  b  s  t  r  a  c  t

Carbon  dioxide  (CO2)  is  regarded  as a main  contributor  to  the greenhouse  effect.  As  a potential  strategy  to
mitigate  its  negative  impacts,  the reduction  of  CO2 is  environmentally  critical,  economically  meaningful
and  scientifically  challenging.  Being  both  thermodynamically  and  kinetically  unfavored,  CO2 reduction
requires  catalysts  as a  crucial  component  irrespective  of  the  reaction  modes,  be  it electrocatalytic,  pho-
toelectrocatalytic  or photocatalytic.  In an  effort  to systematically  review  the  types  of  catalysts  that  have
been  studied  for  CO2 reduction,  we categorize  them  into  two  major  groups:  those  being  activated  by
on

lysis
sis
ocatalysis

external  sources  and  those  being  photoexcited  and  activated  themselves.  Attention  is  focused  on  the
detailed  mechanisms  for each  group  by  which  the  reduction  of  CO2 proceeds,  yielding  a  summary  of
the  guiding  principles  for catalyst  designs.  This  review  highlights  the  importance  of mechanistic  studies,
which  permits  us to  discuss  our  perspectives  on potential  directions  of  catalyst  investigation  for future
catalytic  CO2 reduction  research.
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be considered as green or carbon-efficient if the energy

 generated by renewable energy sources.
ore economical approach is the elec-

electrochemical reduction of CO2. By reducing CO2
trolysis process, electric energy can be directly converted
cal energy. Studies of electrochemical reduction of CO2
k to 1860s while the development of the photochemical

 of CO2 was first studied by Honda and Fujishima et al.
e 1970s, [8] and attracted more attention in recent years.
s reviews have been published to discuss the electro-

 reduction of CO2, covering the basic principles, various
f the reaction and state-of-art catalytic systems [9–19].

 speaking, upon the application of a bias, CO2 is reduced
thode, with another species (ideally H2O) oxidized at
e. The electrochemical reduction of CO2 usually requires
nce of a catalyst due to the otherwise large activation

 conversion of solar energy into chemical energy via CO2
 represents another area of significant research inter-
d, nature carries out this process via the photosynthesis
. Fossil fuels are also indirect products of this process.
less, the biochemical processes tend to be not sufficiently
o meet modern industrial needs. Scientists, therefore, are
evelop artificial photosynthetic processes, such as pho-
c and/or photoeletrochemical reduction of CO2, to enable
ormation more efficiently [20–33]. The systems that have
ied may  be discussed in two groups, based on how solar

 harvested and transferred. The first one consists of a sen-
d a catalyst. The sensitizer absorbs light and generates
hole pairs. The excited electrons migrate to the catalyst
e reduction takes place. Therefore, the light-harvesting
ay  be regarded as an energy source. The benefit of this

 the ability to tailor and optimize the different compo-
ht absorber and catalyst) separately. In the second case,
ed species themselves participate in the CO2 reduction
and directly interact with CO2. This system could enable

 that are not accessible by other means of energy supply
ample, taking advantage of the photoexcited species or
iates [34,35].

lenges in CO2 reduction

duction reaction is not only a thermodynamically uphill
but faces great kinetic challenges. The reactions feature
active intermediates, requiring high activation energies.
lar, the formation of the immediate by one electron-

 (CO2
• −) is a well-known thermodynamically unfavorable

and the redox potential of CO2/CO2
• − is as negative as

s RHE at pH 7). Hence, the utility of catalysts in CO2 reduc-
mes critically important. Another important reason for
of catalysts is the product selectivity, which is one of the
enges for electrochemical reduction of CO2 since direct

 of CO2 could result in one or more of a myriad of prod-
ther words, the reaction could proceed through multiple
owing different routes; which direction it actually takes
sensitive to factors such as the pH, the overpotential and
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erature [36–41]. In order to achieve desired selectivity and
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ately, controlled by the application of different catalysts.

r complicate the situation, we must also consider com-

1.4. Scop

This  r
solutions
chemistry Reviews 40 (2019) 117–149 119

actions such as hydrogen evolution reactions (HER) [42].
portant because it is kinetically favored over CO2 reduc-
e presence of H2O. We  need to carry out the reactions in

 is the ultimate source of electrons for CO2 reduction for
le implementations. Strategies such as choosing an elec-
h less HER activity or altering the pH have been shown to

 HER during CO2 catalytic reduction process.

ral mechanisms of CO2 catalytic reduction

nistic studies of the catalytic processes, especially the
neous catalytic reduction of CO2, can benefit tremen-
om insights at the molecular level. For this purpose, we
advantage of developments in computational chemistry
nced characterization techniques. From the limited infor-
vailable to us, we learned that the detailed mechanisms
ic CO2 reduction vary greatly, and some of the proposed
pathways are still under debate. Importantly, while the
s of the catalysts themselves are critical in defining the

s, the environmental factors have been found equally cru-
e electrolyte are intimately involved in the reactions, as
4].
t all catalytic CO2 reduction reactions begin with the acti-

 the CO2 by its coordination with a metal center within
st. For homogeneous catalysts, especially organometallic
s, the binding center is rather easy to identify. On the

nd, on heterogeneous catalysts there could be multiple
es on the surface, and the chemical environment of the
es can be different even on a single catalyst species, mak-
cult to study the reactions with molecular level details.

ive, this initial activation usually leads to the formation of
CO2 adduct, and a proton-transfer process takes place sub-

 to yield a metal-bound *COOH intermediate. It is noted
one-electron activation is only a general case, sometimes
tron activation or other form of activation is required for
e interactions with CO2. [45] The complexity of the CO2
reduction appears even at this stage. For instance, there are
tes on whether CO2 activation takes place as a concerted
upled electron transfer (PCET) process [46] or simply a

-assisted electron transfer process followed by the proto-
7]. While PCET has been more accepted in recent years,
es on the activation process are not settled: The adsorbed
uld have different orientations; the hydrogenation may

 either C or O. When the CO2 molecule coordinates with
l site via an O atom, C would be protonated, leading to the

 of HCOOH (the formate pathway). If the CO2 molecule is
 via a metal-C bond, one of the two oxygen atoms would be
d to yield primarily CO as the product (the CO pathway;
).
the dissociation of the primary products, the catalyst

 regenerated/reduced by either sacrificial reagents or an
ias. The following steps after the initial activation could
complex, as more possibilities of the reaction pathways

erge (more detailed discussions in the following ses-
nerally speaking, the different reaction pathways depend
quence of the electron transfer, protonation and dehy-
rocesses. Moreover, when C C coupling is also taken into
there would be a significant number of possible interme-
d products [48]. Active research is pursued to understand

 intermediates are and how the various C2 and C3 products
ring the reactions.
e of this review

eview focuses on catalytic reduction of CO2 in aqueous
, which may  be realized by electrocatalytic (EC), pho-
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catalytic (PEC) or the photocatalytic (PC) processes. The
o (EC and PEC) involve external biases, and the latter two

 PC) require illumination. Either way, CO2 is converted to
arbonaceous species, and electric and/or solar energy is

 chemical energy. In each of the three approaches, there
 enormous body of published works aimed at develop-
ms with better efficiencies and selectivity. Consequently,

mber of reviews have been published to discuss on the
spects (e.g., on specific groups of catalysts or on specific
the reactions). Our goal of composing this review is to
eating these prior efforts. Instead, we classify the CO2

 systems into two categories: (i) bias-catalyst system and
-induced system. The basis of this categorization comes

insight that, despite the apparent differences in researches
n the different processes, they share more in common. For

 the electrocatalysts used in the EC processes are not fun-
lly different from the co-catalysts used by many PEC and
sses. As such, we are provided with a common thread to
the materials for this present review.

 first group (bias-catalyst system, Section 2), the actual
ction takes place on an individual catalyst such as a metal-
molecule, a metal or a semiconductor (Scheme 2). In the
, such catalyst would be loaded or connected to the elec-
d an external bias is used to drive the reaction. A PEC

s similar, except that the catalyst is loaded onto a photo-
, and the external bias needed on the photoelectrodes are
ss than what is required for the reduction of the CO2, as
voltage generated by the photoelectrode when the light

uld partially compensate it. In terms of PC, the driving
CO2 reduction would be entirely provided by the pho-

ts, which absorb light and usually generate electron-hole
 electrons and holes are then separated and transferred to

ce catalysts to participate in reduction and oxidation half
. It is noted that, the phrase “catalyst” here specifically
the species that actually interact with CO2; in the field of
mistry, the photoelectrodes or the light-absorbing species
ally referred as “catalysts” or “photocatalysts”, whereas
ion site is often referred as the “co-catalysts”. In addition,

 the co-catalyst in PC/PEC share great similarity with EC
 issues such as interaction with the photosensitizers or
ctrodes must be considered. Efforts on optimizing inter-
etween light absorber and catalysts are non-trivial. So it
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setting a separate session (Section 2.4) for applying those
in PEC/PC system for further discussion.
econd system (photo-induced, Section 3) represents
mportant family of reactions, where the light plays an

catalysis 

ular cata
advancem
size catal
lysts and the competing H activation, which would lead to HER.

t  role from a chemistry perspective (Scheme 3). Light,
tized energy source, can induce charge excitation. Inter-

 different from thermal excitation may  be observed in
mical processes. Therefore, the routes for these photo-
eactions could be very different from the normal thermal
ochemical ones. New possibilities for CO2 reduction
ossible. On a fundamental level, the ability to directly use
ergy to power thermodynamically uphill reactions such
duction is extremely appealing. In comparison to EC or
re the electricity comes from solar cell modules, PC repre-

 most direct utilization of solar energy and, hence, holds
ise for low-cost applications.

atalysts in EC, PEC and PC CO2 reduction reactions

ionally, catalysts for CO2 reduction could be divided into
ategories of homogeneous and heterogeneous. Of them,
eous catalysts normally refer to molecular complexes, and
neous ones are solids. In recent years, new materials such
organic frameworks or nanostructure materials are also
ted as CO2 catalysts with record-setting performance (Sec-
) [49–51].

ogeneous catalysts

geneous  catalysts normally refer to molecular complexes
mixed with reagents in solutions homogeneously. There
ar phase segregation between catalysts and reactants.
eous catalysts are usually well-defined in their structures

 decades of research on molecular systems. As such, when
O2 reduction, the reaction pathways are well-defined, as

mising high selectivity. There have been several compre-
eviews about the homogeneous catalysts, [18,45,52,53]

 interested readers are referred. It suffices to note here
mon homogeneous catalysts for CO2 reduction include
mplexes, small organic molecules such as pyridinium ion
matic CO2 reduction catalysts. As research progresses,

, the boundaries between the traditional definitions are
rred. Increasing efforts attempt to take advantage of the

knowledge on molecular catalysts and apply it to hetero-
systems for extremely high turn-over numbers (TONs).
ONs would be inaccessible by conventional homogeneous

systems. One of such approaches is to integrate molec-
lysts with an (photo)electrode. Furthermore, the latest

ents of material synthesis make it possible to synthe-
ysts of atomically dispersed catalytic sites. Although such
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Scheme 2. Schematics illustrating the electron sources and catalysts in the electrocatalytic, photocatalytic and photoelectrocatalytic systems.
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are not “dissolved” in the solution during reactions, their
center is well-defined, making it possible to understand
on mechanisms at the molecular level. These systems are
o categorize by the conventional ways, either.

a typ
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lecular organometallic complexes
rliest and mostly discussed family of homogeneous cat-

 molecular organometallic complexes (Scheme 4a). With

tivity. Spe
directly, 

the boun
ion of photo-induced processes.

catalyst molecule, the active center is a transition metal
ose oxidation states can vary, making it attractive to hold

or the desired redox reactions. The ligands help not only to
the metal center in different redox states, but to guide the
f reacting substrates so as to help define reaction selec-

cifically, for CO2 reduction, CO2 binds to the metal center

and a subsequent inner sphere electron transfer activates
d molecule, forming a bent structure for further reduc-
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.

 metal centers include late transition metals such as Co,
, Cu and Ru [54,55]. Some prior papers also classify the

mplex catalysts with the ligand families, including car-
A (tris(2-pyridylmethyl)amine), macrocycles, bipyridines,
es and phosphines. Some of the well-known catalysts

e-based Re(bpy)(CO)3X (the Lehn’s catalyst) [56], Co or Ni-
raazomacrocyclic complexes (by Eisenberg et al.) [57], Fe
s [58] and Pd phosphines [59], just to name a few. Among

 Re carbonyl catalyst is reported as the most active and
for converting CO2 to CO.
tantly, homogeneous catalysts for CO2 reduction are usu-
ed in non-aqueous solutions because of their sensitivity
ysis. Such a configuration mitigates an important concern
ial competition by HER during CO2 reduction. We  next use
clam (1,4,8,11-tetraazacyclotetradecane) complex as an
to discuss the detailed mechanisms by which CO2 reduc-
ried out [60,61]. As shown in Scheme 4b, the complex first
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and 
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n electron, reducing the metal center. Then, the reduced
ter binds to either CO2 or proton (H+). In the first case,

ET from metal center to CO2, carboxylate group forms and
h the metal center. In the meanwhile, the metal center is

, C2-H· · ·C
of the pe
comparin
alyst. (Figure reproduced from ref. 53, copyright 2009, Royal Society of
lysts. (Figure reproduced from ref. 60, copyright 2012, Royal Society of

ed to the original oxidation state. Further electron trans-
H desorption lead to the formation of CO that turns over
yst. In the second case, after the binding of metal center
on, CO2 gets inserted into the M H bond, resulting in for-
ation. A second electron transfer leads to the production

 acid.
d  by the mechanisms understood so far, great efforts have
de to adjust 1) the electronic properties of the reaction
d 2) the steric environment near the activity center to
electrochemical/photochemical CO2 reduction by homo-
catalysts. Accordingly, researches on catalyst designs
cused on the choices of metal centers and the modifi-
the ligands [62–65]. For example, in a recent publication,
l. designed an imidazolium-functionalized Lehn’s catalyst
ved an increase in the reaction rate and selectivity of CO

n [66]. The authors demonstrated that the intramolecular
ium group forms a second coordination sphere (C2-H· · ·Cl-

O2−, and C2-H· · · OH2) and attributed the improvement

rformance to the resulting faster dissociation of Cl- after
g catalysts with similar ligand structures (Fig. 1a).
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Fig. 1. a) Proposed Cl− dissociation process during the 1 e- reduction on an imidazolium-functionalized Re catalyst. The nearby imidazolium group promoted the dissociation
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ylporphyrin complex functionalized with trimethylammonio groups. (Figure repro

-called early transition metal complexes are also intro-
this area for CO2 reduction in recent years. [67] Whereas
ition metal complexes usually yield formate and CO as
f the 2e− transfer nature, in some cases early transition

mplexes can be more reactive toward products such as
l and methane. [67] For instance, methanol is the main
n some of the reactions catalyzed by Zr and Ti complexes
n the other hand, varieties of Mn-based metal complexes
oped to replace the more precious Re or Ru-based metal
catalysts [70–72].

etal complex catalysts produce 2e− reduction products
COOH or CO. They rarely exhibit selectivity toward reduc-
ucts such as methanol, methane or other hydrocarbons,
xception of a handful of successful examples whose mech-
e unclear beyond CO formatio. [73–75]. The phenomenon
simplistically explained by the fact that most of these
plexes feature a single binding site which would lose the

 ability after transferring e− to CO2. Moreover, in most
 reduction potential of the complex is not low enough
r reduction of the CO or HCOOH. In a recent work, Rao
orted the production of CH4 with a molecular Fe cata-
tetraphenylporphyrins, in a photochemical system driven

 light [76]. Previously Fe complexes with 4 para-phenyl
ammonio substitution groups had been shown the most
for electrochemical conversion of CO2 to CO, with the

III ◦
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e shifts between 0 and 1 with Ir(ppy)3 as the photosen-
ig. 1b). It is hypothesized that the co-existence of redox
/FeI and FeI/Fe◦ makes it possible to drive the reduction

advantag
molecula
and tailo
 Society); b) Proposed mechanism for CO2 reduction to CH4 by the iron
 from ref. 76, copyright 2017, Nature Publishing Group).

O formation. More specifically, the catalyst further forms
intermediate to start another catalytic cycle to convert
ethane. The authors emphasized the importance of the
tentials of the specific catalysts and the functional groups
d stabilize the intermediates to the observed reactivity.

 the substitution group to OH at the ortho and ortho’
 would lower the standard redox potential by 75 mV,  and
uction decreased. The metal complex without substitu-
ps on the phenyl has the highest standard redox potential
Fe◦)=−1.67 V vs. SCE in DMF, and it could not produce CH4

 photosensitizer is also of great importance for driving the
 beyond the two  e− processes. The redox potential of the
ited species must be more negative than all three redox
f the Fe complexes. Metal complex catalysts usually par-

n the electrocatalytic reduction of CO2 in a homogeneous
alternatively, they can be grafted onto the electrode to
a heterogeneous fashion [77]. To this end, Brudvig and
al. recently reported a Cu-porphyrin complex as a het-
d molecular catalyst [78], which was able to convert CO2
arbon at a potential of -0.976 V vs. RHE with a Faradaic

 of 44% at a mass loading of 0.25 mg cm-2. The catalyst
tly deposited on a polytetrafluoroethylene-treated carbon
er with a porous carbon coating layer. The porous carbon

 made of carbon nanoparticles and acted as the support
sts. These heterogenized molecular catalysts exhibited the

e of readily tuned catalysis efficiency and selectivity, as the
r structure of the catalysis active site could be designed
red.
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idinium system
ne  has been identified as a non-metal molecular cata-
lectrocatalytic reduction of CO2 for over two  decades. In
carsly et al. reported the use of pyridine as a homoge-
alyst for CO2 reduction to CH3OH at overpotentials <1 V

 electrode. [79] The same group also demonstrated using
aP with pyridine for photoelectrochemical CO2 reduc-

3OH. Since then, pyridine has been applied to a variety
chemical, photoelectrochemical and photochemical sys-
the production of CH3OH and formic acid. Despite the
ntal successes, however, the exact mechanisms by which
catalyzed CO2 reduction proceeds remains under debates.
ly and coworkers proposed that the one-electron reduced

 radical from the protonated form of pyridinium would
O2 to form a carbamate radical adduct, activating CO2
[80] Since pyridine is rarely used alone but usually cou-

 Pt or p-GaP etc., Araujo and Batista et al. proposed a
m-assisted activation of CO2. A proton-couple hydride
takes place when the protons of the pyridinium inter-
CO2, together with surface-bound hydride, causing the
cule to bend and get activated (Fig. 2b). [81] In a dif-
w, Carter et al. calculated the thermodynamic energies
s pyridine-derived intermediates and concluded that
-bound dihydropyridine (DHP) species, instead of the

 radical, is the actual catalyst in the reaction (Fig. 3a).
he surface-bound DHP facilitates efficient hydride trans-

h homogenous solutions and on a photoelectrode surface,
 a general mechanism.85] Musgrave et al. also carried out
lculations to investigate the effect of pyridine in the p-GaP
heir results suggested a solvent-assisted PCET process in
geneous phase through the formation of the pyridine car-
dical adduct, while the electrode surface only acts as a site

generation of the pyridinyl radical.
 are also other proposed mechanisms. For instance, Mac-
t al. designed a photochemical system for CO2 reduction
thenium (III) trisphenanthroline as the chromophore,
cid as a sacrificial reductant and pyridine as the catalyst

system operated by visible light excitation and produced
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ely. Another key feature in this system is that addition of

 cause no effects for CH3OH production, in stark contrast

overpote
demonst
CO2 with
The catal
formaldehyde, and methanol by Bocarsly et al. (Figure reproduced from
dride transfer on the Pt(111) surface. (Figure reproduced from ref. 81,

yridine-based electrocatalytic systems. In a more recent
 and Yan et al. studied pyridine-mediated CO2 reduction on
es using in situ Infrared spectroscopy and proposed that
m promoted the formation of formate only as a proton
the second PCET process (Fig. 3b). [87]

zyme
aturally occurring catalytic reduction of CO2 to CO takes

 carbon monoxide dehydrogenase (CODH). The CODHs
 aerobic bacteria feature a Mo-and Fe-containing active

 those found in anaerobic bacteria have a Ni- and Fe-
g active site. Both groups of enzymes are capable to
this reaction reversibly, efficiently, and as their names
selectively. The latter (Ni- and Fe-containing one) is also
o catalyze the synthesis of acetyl-CoA, which is most stud-

 literature. The CODH isolated from Moorella thermoacetica
�2 quaternary structure, consisting of 4 clusters. The C-
hich is a Ni-Fe-S cluster with cubane connections, is found
le for the CO2/CO redox reaction. The reversible redox

involves the coordination of CO2 with Ni and forming a
e bridge. [88] The CODH can be applied in vitro for both
emical reduction and photocatalytical reduction of CO2.
o participate in the electrocatalysis reaction, the enzyme
applied directly as a homogeneous catalyst or attached to
s, namely the protein film electrochemistry (PFE). In the
, since the enzyme does not directly accept electrons from
ode, Shin et al. employed an electron-transfer mediator
iologen) (Fig. 4a) [89]. Later, Armstrong et al. studied the

e conversion of CO and CO2 of the CODH I purified from the
c thermophile Carboxydothermus hydrogenoformans (Ch)
ctrode [90].

 families of enzymes have been shown to promote CO2
, as well [91,92]. For instance, CO2 could be converted to

by formate dehydrogenase (FDH) [92] or carbon dioxide
uctase [93]. Hirst et al. reported the conversion of CO2 to
ith W-containing FDH1 adsorbed on an electrode. [94].

modynamically reversible reaction requires only small

ntials and produces formate as the sole product. In another
ration, the same group reported reversible reduction of

 a Mo-containing FDH H purified from Escherichia coli [95].
yst contained one Mo-selenocystein residue, two  molyb-
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Fig. 3. a) Normal and 2-PyH−* intermediate promoted hydride transfer on GaP(111) for photoreduction of CO2. (Figure reproduced from ref. 85, copyright 2017, American
Chemical Society); b) Pyridine catalyzed−CO2 reduction mechanism on Pt electrodes proposed by Xu’s group based on the reactivity and spectroscopic results. (Figure
reproduced from ref. 87, copyright 2017, American Chemical Society).

Fig. 4. a) Schematics illustrating the electrocatalytic reduction of CO2 with CODH as homogeneous catalyst. (Figure reproduced from ref. 89, copyright 2003, American
Chemical So idue a
transports e n Che
cofactor  wi  2012
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e the
ciety); b) the active site of the EcFDH-H consisting of Mo coordinated by a SeCys res
lectrons to the active site. (Figure reproduced from ref. 95, copyright 2014, America

th surrounding key amino acid residues. (Figure reproduced from ref. 96, copyright

guanine dinucleotides, and a 4Fe-4S cluster that transfers
 to the active center (Fig. 4b). PFE studies showed the
ad similar activity with W-containing FDH1, yet their

based catalytic activities were different. The turnover fre-

tive  

high
from
alyz
for the FDH H-catalyzed CO2 reduction with the methyl
as the electron transfer reagent was less than 1 s−1, much
an the reverse reaction, making it thermodynamically
ble. The author suggested two possibilities: (1) the inac-

reduction
nitrogena
(methane
[96].
nd two molybdopterin guanine dinucleotides. A nearby [4Fe-4S] cluster
mical Society); c) the active site of the Nitrogenase containing the FeMo
, National Academy of Sciences).

ed catalyst state or (2) the single 4Fe-4S cluster was in a
cing potential and, as such, not ready to accept electrons
hyl viologen. Nitrogenase, whose main function is to cat-

 multi-electron reduction of N2, could also promote CO2

 to CO. To this end, Seefeldt et al. reported a remodeled
se for the reduction of CO2 to CH4, forming up to 16 nmol
) nmol−1 (MoFe protein) over a 20 min  reaction (Fig. 4c)
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Fig. 5. a) Schematic illustration of the production of methanol through a three-enzyme (CcFDH, PcFaldDH, YADH) tandem cascade. (Figure reproduced from ref. 97, copyright
2017, Wiley he CO
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 the biocatalysts are employed for CO2 reduction, a vast
nzymes with various functions are available. Such an
e allows the design of tandem reactions. For instance,
be used to reduce CO2 to formic acid, and AldDH (alde-
ydrogenase) and ADH (Alcohol dehydrogenase) can then
to further reduce the formic acid to methanol [91]. Lee

 recently reported a hybrid PEC system that integrated a
enzyme-cascade system together with a Z-scheme sys-

 a Co-Pi/�-Fe2O3 photoanode and a BiFeO3 photocathode
[97]. Water oxidation occurred on the photoanode, and

 generated on the electrode were first transferred to a Re-
and NAD+. The NAD+ was then reduced to NADH. Next,
PcFaldDH-YADH enzyme cascade was used to produce
om NADH, in which the PcFaldDH was discovered with
formate-reduction ability. The tandem PEC system could
NADH from NAD+ without external bias and using water
ctron donor; when a 0.8 V bias was applied, an 80% yield of
eneration rate was obtained. When both photoelectrodes
inated, a spontaneous photocurrent of 38.3 �A cm−2 and

ircuit potential of 909.2 mV were measured.
mon feature of enzymes active for CO2 reduction is that

ve center contains a metal cluster. More specifically, a Fe-S
 present in all cases, with another metal ion of Ni, Mo  or W.
mon component has attracted significant research inter-
kov et al. carried out a computational study on the Ni-Fe-S
r CO2 reduction. [98] The binding energies of the reduc-
mediates, such as COOH*, on the cubanes with various Ni
ulated, and it was found that the presence of Ni improved
tic selectivity of CO formation. The cubane containing 1 or

concluded to be theoretically as active as noble metal sur-
the reduction to CO, and only those contains 1 or 0 Ni are

 another work, de Leeuw et al. found similar cluster struc-
e iron sulfite mineral greigite (Fe3S4) and performed CO2

 on greigite surface to obtain soluble organic molecules
 formic, acetic, pyruvic acid and methanol (Fig. 5b). [99]
tly, the surface of greigite (001) resembles the [4Fe-4S]
n the CODH enzymes.
ssons learned on enzymes can be transferred for catalyst
f metal complexes. The co-existence of the multiple metal
ithin an enzyme could be the origin of their high selec-
nkad et al. demonstrated the utility of this knowledge by
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igated catalysts [100]. The heterobimetallic effect allowed
ol of products from HCOOH to CO. Similarly, an iron por-
mer with co-facial orientation and suitable separation of

work, Hu
an FTO el
site (Fig. 

catalysts
DH enzyme and the greigite surface where the Fe3S4 (001) are cubane
at different pH with Fe3S4 as catalyst. (Figure reproduced from ref. 99,

nters has been shown to promote CO2 reduction activity,
y and stability [101]. The co-facial orientation offered a
te where the two Fe centers provided a local push-pull
m for the coordinated CO2.

rogenized homogeneous catalysts

 homogeneous catalysts hold the advantages of high activ-
electivity, it is often difficult to separate the catalysts

 reaction mixture and, hence, a challenge to reuse the
Moreover, the activity of the catalyst tends to be sen-
the structural integrity, making it difficult to achieve
e emerging approach to address this challenge is to
homogeneous catalysts with metal-organic frameworks
50,51,102,103] covalent-organic frameworks (COFs) and
ased nanomaterials. From a practical application perspec-
resulting catalysts may  be considered as “heterogenized”
eous catalysts because they have the potential to feature
es of both homogeneous and heterogeneous catalysts.

Fs and COFs
 are formed with metal ion nodes and organic connec-
e metal nodes are usually secondary building units that

 of metal complexes. The properties of the MOFs can be
verse depending on the choice of the metal ion and the
gands, as well as the way  they are connected. Fine tuning
roperties such as the porosity is also possible by adjusting
cular structures of the organic connectors. When applied
eduction, MOFs may  be used as either a sensitizer for

alytic reaction or a catalyst. In addition, they could also
yed as the support for holding other active catalysts to

 reactions in a nanoscale reactor.
the metal ions in a MOF  coordinate with the organic
s the same as in a molecular metal complex, it may
d as an assembled homogeneous catalyst for the study
n mechanisms, despite their heterogeneous appearance.
pproach makes it possible to tap into the rich knowledge
echanistic studies on molecular catalysis. For instance,

 co-workers incorporated a Co-porphyrin unit into the
TCPP-H2 backbone and achieved a CO Faraday efficiency
d 7 h stability for CO2 reduction (Fig. 6a) [104]. In another

pp and co-workers deposited a thin film of MOF-525 on
ectrode and installed a Fe-porphyrin unit as the catalytic
6b). The MOF  support enabled a much higher loading of

 than simple heterogenized molecular complexes. Con-
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Fig. 6. Schematics illustrating a left: the cobalt-metalated TCPP organic building units; middle: the assembled 3D Al2(OH)2TCPP-Co MOF, with each carboxylate of the organic
building unit bound to the aluminum inorganic backbone; right: The CO2 electrochemical reduction system constructed by integrating the Al2(OH)2TCPP-Co MOF  with a
conductive ciety)
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7 with a RuII(H2bpydc)(terpy)(CO)](PF6)) derivative bearing carboxylic acid substit

, a more efficient catalyst than either the homogeneous
he simple heterogenized forms was obtained [105].
ue advantage offered by MOF-based catalysts stems from
s nature of its structure. The high surface area facilitates
2 adsorption. Kitagawa et al. incorporated photoactive

atalyst into a Zr-based MOF  and discovered that the CO2
n ability by the MOF  could promote the reaction (Fig. 6c)
reover, the synergetic effect between the MOF  backbone

catalytic unit enabled catalytic activities even at a low
entration of 5% CO2/Ar. One additional benefit of con-
alysts in a nanoscale space is the possibility of accessing
eaction selectivity. In a system different from MOF, Sun
orkers studied the effect of the curvature of Co-porphyrin
s on CO2 reduction (Fig. 7a). [107] Using DFT calculations,
rs found that the Co-porphyrin could be rolled into nano-
th different diameters, and their results predicted that
otubes would catalyze CO2 to CH4 or CO with lower over-
s than on Cu or Au, respectively.
r to MOF, covalent organic frameworks (COFs) have been

 as a catalyst host for CO2 reduction. Aside from the bene-
ted from MOF-based catalysts, COFs present a platform for
ntegration of functionally different yet structurally similar
r catalysts. To this end, Yaghi and Chang et al. designed a
ture that contained catalytic Co-porphyrin units as well as
l Cu units by linking the catalytic motifs and Cu-porphyrin
h imine bonds (Fig. 7b). They were able to obtain a maxi-
6-fold increase in activities for the reduction of CO2 to CO
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 (Figure reproduced from ref. 106, copyright 2016, Wiley·VCH).

s  (CNT) have been popularly studied for this purpose. One
nefit of using CNT is the inherent catalytic activity, which
xploited for important reactions such as oxygen reduc-

tions (ORR). In particular, N-doped carbon nanomaterials
n identified active for CO2 reduction. Guo et al. performed
iple calculations to study N-doped graphene and CNTs for
emical CO2 reduction. [109] The doped N can be classified
tic N (gN), pyridinic N (pN), or pyridinum (pNH); the local
tion may  be perfect or contain the defect or zigzag edge.

ealed that gN doped edge sites are the most effective for
ction. pN doped Stone-Wales defect and pN doped edges
ctive but with higher activation barriers. Moreover, the
lso suggested that the selectivity and limiting potentials
products of CO2 reduction could be tuned by the curvature
e conclusion drawn was that graphene would be favor-
O and HCOOH formation, whereas CNTs would feature

he formation of HCHO and CH3OH.
e experimental efforts, Kumar et al. demonstrated the
performance of the N-doped carbon nanofibers prepared
sis of the polyacrylnitrile, and attributed the enhance-

the reduced carbon rather than N (Fig. 8a). [110] Ajayan
thesized N-doped CNTs by a liquid chemical vapor depo-
thod from acetonitrile and dicyandiamide. The obtained
shaped multiwall N-doped CNTs were highly efficient and
ward CO formation. They featured lower overpotentials
rison to noble metals like Au and Ag, and a FE of 80%

ined at −0.26 V vs. RHE. The activity and selectivity of the
 CNT was  attributed to the existence of pyridinic N and
. These structural motifs remind us of the activities of
for CO2 reduction. Calculations showed that the binding
of COOH intermediates on pyridinic N was negative and

 those on Ni or Pt, while the binding energies of CO inter-
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Fig. 7. a) Schematics illustrating the rolling of 2D CoPor sheet and the obtained CoPorNT-2, CoPorNT-3, CoPorNT-4 formed by confining different number of CoPor Monomers.
(Figure reproduced from ref. 107, copyright 2016, American Chemical Society); b) 2D covalent organic frameworks COF-366-M and COF-367-M derived from different
metalloporphyrin monomers. (Figure reproduced from ref. 108, copyright 2015, AAAS).

Fig. 8. a) Schematics illustrating the reduction of CO2 on a polyacrylonitrile-based heteroatomic carbon nanofiber. (Figure reproduced from ref. 110, copyright 2013, Nature
Publishing Group); b) High-magnification TEM image of N-doped graphene quantum dots (NGQDs). The enlarged image shows zigzag edges of the NGQDs. c) High-resolution N
1  s XPS spectrum for NGQDs, which is deconvoluted into three sub-peaks representing pyridinic, pyrrolic and graphitic N. The inset demonstrates the N-bonding configuration
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gle-atom catalysts
intensely studied class of catalysts, single atom catalysts
fer to materials with active metal centers that are atom-
persed on a support. Graphene is one of the most widely
port materials for SACs. In a way, SACs should be regarded
geneous catalysts as they are not dissolved in the media
actions. A critical advantage of this type of catalysts is
separation from the reactants/products for ready reuse.
anwhile, they also feature unique characteristics that are
ble to typical heterogeneous catalysts. That is, the active
well-defined in structures, making it possible to study
ion mechanisms at molecular levels. Despite the intense
search on SACs is in its infancy stage, especially for CO2
. A recent calculation study assessed various SACs for

cations of CO2 reduction. [112]. The authors found that

sv-Gr or M@dv-Gr, which referred to catalysts with a
nsition metal (Ag, Au, Co, Cu, Fe, Ir, Ni, Os, Pd, Pt, Rh or
s anchored on defective graphene with single or dou-
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cies, respectively, were selective toward CO2 reduction.
em, Pt@dv-Gr showed better selectivity toward CH3OH
n because of its single atom state. In another work, the

nvestigated the performance of SACs on TiC and TiN and
 that Ir@d-TiC would be the one with an extraordinar-
erpotentials (-0.09 V vs. RHE) for CH4 production [113].
ntally, low valent Ni(I) SACs were recently prepared on

 N-doped graphene and exhibited enhanced CO2 reduc-
O (97% FE) [114]. At a moderate overpotential of 0.61 V,
st achieved a high specific current density of 350 A g−1

nover frequency of 14,800 h−1. Wang et al. also dispersed
 atom Ni on the graphene nanosheets and obtained com-
erformance. [115] At a low overpotential of 0.55 V, the CO
y reached 95%.

rogeneous catalysts

ared  with homogeneous catalysts, heterogeneous ones
antages of low toxicity, low cost and simple post-
on. The simplest heterogeneous catalyst would be a flat
bstrate. Research on using metal electrodes for electro-

 reduction of CO2 started in the early 1980s. A number of
ve been found active for CO2 reduction, including Hg, Au,

d, In and Ru. These early studies usually focused on the
ase products, e.g., formate or methanol. In 1985, Hori and
ported CH4 gaseous products on Cu [116]. They also stud-
es of other metals and divided them into several groups.
ce, Cd, In, Sn and Pb produced mainly formate, with small

of CO and CH4; Ag and Au yielded predominantly CO with
ounts of formate; Cu was more favorable for CH4 forma-
Fe were more active to H2 production. It is important to

 nearly all metal electrodes faced the problem of signifi-
 when CO2 reduction was carried out in H2O. Hori et al.

marized and reviewed published works of CO2 reduc-
etal substrates in 2008 [117]. In recent years, similar

has been broadened to other materials, including metal
18], metal chalcogenides [119], metal alloys [120] and,
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d selectivity [121].
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showed t
PCET pro
O and CH4 on Cu surface. (Scheme reproduced from ref. 122, copyright
11) surface and the calculated energy diagram showing the selectivity

ared to homogeneous catalysts, the active centers of het-
us ones are often less well defined. Consequently, there
hanistic understandings at the molecular level. Notwith-

 important progresses have been made concerning the
 as evidenced by improved selectivity and efficiency. Gen-
eaking, in the activation step of a heterogeneous CO2

 reaction, two pathways are possible. In the first one,
st reduced to carboxylate via PCET, which binds to the
urface through metal-carbon bonds. Then with another
cess, the hydroxide group from *COOH desorbs, leaving

 CO on the surface, which is either further reduced to
uced products or desorbs from the catalyst surface to
ous CO. This process is similar to what happens on metal-

mogeneous catalysts during CO2 reduction. It is believed
 favorable pathway for reactions taking place on metal
such as Pt, Au and Cu. CO is the major product for most
alysts except Cu, which could facilitate further reduction

 comparison, a competing activation pathway does not
he metal-carbon bond formation. Instead, an intermedi-
es *OCOH with the oxygen binding to the metal catalyst

 either a direct activation of CO2 by PCET or surface hydride
n. Often, formic acid is the final product of this process.
ith high oxygen affinities, such as Pd, Hg, and Pb, favor
ation pathway. Typically, a PCET process precedes the CO2

 step, forming adsorbed H (H*) on the catalyst surfaces.
ly formed metal-hydrogen bond is highly active, which
al intermediate for the hydrogenation reactions. Subse-
2 adsorption inserts in the metal-hydrogen bond, leading
rmation of a formate intermediate with oxygen binding
rface. Further PCET processes help protonate the oxygen
tal-oxygen bond to release formic acid and turn over the

site. This simplified summary helps us see that CO is an
t intermediate for more reduced products. Formic acid,
her hand, tends to be a terminal product that is more dif-
urther reduce in an electrocatalytic system. As such, great
ve been undertaken to investigate the reaction pathways
and onwards, and the goals are often to achieve valuable
, including CH4, CH3OH, C2H4 and CH3CH2OH.

nderstanding as outlined above is supported by compu-
tudies by Peterson et al. (Scheme 5a). [122] The authors
hat after the formation of CO, each step is associated with a
cess to form thermodynamically favorable reaction inter-
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Scheme 6. a) Proposed C–C coupling pathways for CO and hydrogenated CO and the calculated free energy diagram for these processes. The activation barrier decreases
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. Importantly, the second C–O bond breaking was  shown
ace at a later stage. The adsorbed CO would be first reduced
which was considered the rate-determining step (RDS).
ubsequent PCET process would yield adsorbed formalde-
tical to our discussions, we see in Scheme 5a that the
choring group is switched from C M to O M during this

 newly formed formaldehyde could be further reduced to
 group, which would be either converted to methanol or
ed to CH4.

ver, it is important to note that competing arguments have
sented concerning how C1 products form on metal cata-
ces. For instance, the mechanisms involving formaldehyde
oxy group could not explain the fact that formaldehyde
be reduced to methanol but not further reduction prod-

 as CH4 [123]. Nie et al. have demonstrated an alternative
by considering not only thermodynamic but also kinetic

 their proposed mechanism, the second C O bond break-
 place at a relatively early stage (Scheme 5b) [124]. Rather
O, protonation takes place on oxygen atom from CO and
OH. A further PCET process on the OH group would lead to
rbon (C*) formation with the release of water. Finally, the

 undergo several PCET processes to yield CH4. Compared
n’s mechanism, Nie et al.’s model does not involve bond-

h between C–M and O M.  Additional research is needed
ile the apparent discrepancies.
ent from C1 products, forming C2 products requires
d formation. Knowing when and how it forms plays an
t role in understanding the reaction mechanisms and con-
to the ultimate goal of tuning the reaction selectivity.

 C2 products include C2H4 (ethylene), C2H6 (ethane) and
H (ethanol). Let us consider C2H4 as an example. Nørskov
d that C–C coupling takes place after CO hydrogenation

6a), [125] whereas Nie et al., proposed the dimerization
ased on their proposed CH4 mechanisms (Scheme 5b). It
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ns were not supported by some experimental results. For

 Hori et al., found that the formation of CH4 from CO
a different pH dependence from the formation of C2H4
addition, C2H4 formation was  observed at less negative
s without simultaneous formation of CH4, especially on

 surfaces. According to these experimental observations,
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products.

talysts with different compositions
he years, researchers have surveyed nearly all transition
r their catalytic activity and selectivity toward CO2 reduc-
]. It is agreed that noble metals such as Ag and Au are
ctive to CO production, while other metals such as Pt or Ni

 more favorable for HER. Among them, Cu may be the most
etal catalyst as it can produce a variety of multi-carbon

s, including ethane, ethanol and sometimes propane. For
 Jaramillo et al. studied the reactivity of seven transition

 reducing CO2 for methanol and methane formation [129].
overed that all studied metals were capable of producing
thanol or methane; five of them could produce both but
ferent overpotentials. The intrinsic surface binding ener-

 were believed to play important roles in the stabilities
termediates and therefore the selectivity (Fig. 9a) [130].
o plot was  generated by plotting the CO2 reduction cur-

ities versus the calculated CO binding energies on these
faces (Fig. 9b). Metals with lower binding energies than Au

 lower CO2 reduction current densities, presumably due to
activation. Metals with too high CO binding energies also
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Fig. 9. a) Proposed pathway for reducing CO2 to CH4 on copper surfaces, and the calculated adsorption energies of the key reaction intermediates on fcc (211) of different
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low current densities because of the slow desorption rate
ich is believed to be critical for the subsequent reactions.
her hand, on metals that bind too weakly to CO, it would
esorb and, thus, makes it difficult for further reduction. An

 overpotential would be required.
ransition metals represent another important group of
ction catalysts. The catalytic activity of the p-block metals
, Sn and Pb have been extensively studied. For instance,
id has been observed as the main CO2 reduction prod-

 surfaces. One explanation of this selectivity was  that Pb
are of low affinities toward various C-species but com-
ffinities toward O-species to Ag, Pd and Pt [131]. As a
ring the activation step, CO2 would be activated to *OCHO
stead of *COOH species. While the *COOH species favor
tion of CO, the *OCHO intermediates prefer the formate
reover, Pb surfaces are considered weak for H adsorption,

 the suppression of HER.

lloys. Metal alloys have been broadly studied for CO2
, as well [120]. The surfaces could be more complex, as

composition and the geometric distribution of each com-
would affect the surface chemistry. In other words, the

emistry of alloy catalysts could be tailored, presenting a
ension in controlling the reaction selectivity and activity
duction. For instance, Yang et al. demonstrated a bimetal-
t by assembling a monolayer of various Au-Cu bimetallic

icles and revealed synergistic electronic and geometric
 the binding affinities of the various intermediates on the
aces (Fig. 10) [132]. At the peak of the volcano plot toward
ction sits Au3Cu. Electronically, the binding strengths of
d CO define the activity. Similar reactivity is difficult to
n monometallic surfaces. On the Au-Cu alloy surface, an
l bond between oxygen and Cu is believed to further sta-
OH on the surface. Such local atomic arrangements is
tant geometric factor that promotes the catalytic activity
O. Bell et al. proposed that the existence of compressive

 Cu-Ag bimetallic surfaces could help to suppress HER,
 the reaction more favorable for multi-carbon products
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 such, the Cu domain in a Cu-Ag alloy is more selective
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than 1 �
Au◦ to fo
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oduced from ref. 130, copyright 2012, American Chemical Society); b)
set potentials vs CO binding energy. (Figure reproduced from ref. 129,

–C coupling over HER than pure Cu. It was  argued that
ld be first reduced to CO on the Ag domains and be seg-
nto the Cu domains for further reduction. Alloy catalysts
d-Pt nanoparticles have also been reported. For example,
al. surveyed Pd-Pt/C catalysts with various compositions

 that Pd70Pt30/C exhibited the highest FE of 90% for formic
uction [134]. The bimetallic catalysts featured low onset
s and minimal poisoning effects by CO.
g could be yet another potential way to modify the surface
s of metal catalysts for CO2 reduction. To this end, Cai and

 synthesized Pd-B/C catalysts and showed that the FE for
eached 70% over 2 h at -0.5 V vs RHE, which is ca. 12 times
an that of Pd/C [135]. This improvement was attributed
anges in the kinetic pathways as a result of B doping. The
n energy of HCOO* became more negative than that of
onsequently, the formate pathway was more favorable

CO pathway.

etal oxides. One motivation for developing metal oxides
ectrochemical reduction catalysts is to replace the expen-
e metals. Some metal oxides were initially used as the
r for the preparation of complex metal catalysts, and later
und that they themselves were also active toward CO2
. Some metal oxides, including RuO2, TiO2 and Co3O4,

 conductivity have been shown effective for CO2 reduction
 time [136,137]. Due to the poor conductivity of most other
ides, they were usually applied as thin coatings on cur-
ctors or supported on carbon [138]. Recently, synergistic
tween the support and metal oxides have been reported

 metal oxides are used for electrochemical reduction of
cathodic current would reduce the oxides first. Indeed,

 peaks appeared when a Cu2O layer was used as a CO2
 catalyst [140]. Similarly, oxide-derived Ag would be first
o Ag during the initial stage of CO2 reduction [141]. How-
ough the “real” catalyst might be the metal itself with
atures, the oxide-derived catalysts benefit more than the
gies. To this end, Kanan et al. developed an electrochem-

od to prepare an amorphous Au oxide layer with more

m thickness [142]. The Au oxide layer was  reduced to
rm Au nanoparticle agglomerates during CO2 reduction,
hibited superior activity, selectivity and stability for CO
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n than Au nanocatalysts prepared by other methods. For
 the catalysts reduced CO2 to CO at only 140 mV  over-
s and lasted for 8 h. The authors also proved that the

ent of catalytic activity cannot not be solely explained
noparticle nature. It was hypothesized that the oxide-
u nanostructures feature metastable surfaces that could

CO2
• − radicals. Kinetic analyses showed that the RDS on

-derived Au was different from that on polycrystalline Au.
portance of an oxide layer to the CO2 reduction efficiency

so observed for Sn. Kanan et al. compared Sn catalysts con-
ative SnOx with pre-etched, oxide-free ones. While higher
ensities were measured on the pre-etched sample, they
tly from HER. The authors attributed this change of selec-
he ability of SnOx in stabilizing CO2

• − radicals. To further
his conjecture, they prepared Ti electrode decorated with
y electrodeposition and observed 7–8 fold higher current

 than on native Sn foils [143].
hough the exact mechanisms by which oxide-derived Au

 well for CO2 reduction remains to be uncovered, the par-
tion (or reduction) strategy has proven effective for other
[144]. For example, Xie et al. studied the origin of the cat-
ivity by partially oxidized Co surfaces. They found that the
y thin layer of oxide surface was inherently more active

 metal surfaces, with better selectivity, as well [145]. Later
rs used this model system to further study the effect of

acancies in CO2 reduction on metal oxides (Fig. 11) [146].
posed that proton transfer is the RDS for CO2 reduction
. Oxygen vacancies facilitate the proton transfer step by
g the HCOO−* intermediates and lowering the activation
y 0.11 eV.
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tly, Bocarsly et al. carried out ATR-IR spectroelectrochem-
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47]. They found that surface oxides were critical for the
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than thei
talysts. b) Comparison of the relative TORs for CO at -0.73 V vs RHE. The
ass activity (total metal) of Au–Cu bimetallic catalysts at -0.73 V vs RHE.

talytic  activity of CO2 reduction on some of these metal
 In particular, they discovered that a metastable oxide layer
rm on In, Sn and Pb surfaces under electrochemical con-
his oxide layer was  crucial for CO2 reduction on In and
ilitating the formation of metal-carbonate species that
entually produce formate. However, no oxide formation
d on Bi.

etal chalcogenides. Transition metal chalcogenides rep-
other group of materials that have been screened for CO2
. Hara et al. added Na2S into the electrochemical system
nstrated that the presence of S2− on transition metal (Fe,
, Zn, Ag, and Pt) surfaces led to changes of product selec-
8]. It was  hypothesized that the presence of transition
alcogenides in black smoker at deep-sea hydrothermal
y  be natural catalysts that enable the reduction of CO2

2-saturated ancient ocean. In addition, the presence of the
luster as well as Fe3S4 in enzymes active for CO2 reduction
e potential CO2 reduction activity by this group of materi-

alculations support that MoS2, MoSe2 and Ni-doped MoS2
le of reducing CO2. Detailed activities of different edges
imensional (2D) materials have been calculated. It was
that specific sites such as the S edge of Ni-doped MoS2
o  edge in MoSe2 are active for the reduction of CO2 to

bons or alcohols [149]. Experimental results have been
 with MoS2 in EMIM-BF4, with overpotentials as low as
d current densities higher than Ag nanoparticle catalysts.

 CO reached 98% at -0.764 vs. RHE. The metallic character
d-electron density at the Mo  edge of MoS2 was considered
 of the superior performance [150]. Later, the same group
ed WSe2 nanoflakes as CO2 reduction catalyst under sim-
ion conditions, which showed even higher performance
r previous study.119 After integrated with PV solar cell and
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Fig. 11. a) Schematics illustrating the synthesis of Vo-rich and Vo-poor Co3O4 single-unit-cell layer; b) LSV scans of the two  types of oxides in CO2 (solid line) and N2-saturated
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 hydroxide as anode material, 4̃.6% solar-to-fuel efficiency
ined.

igand binding. As in homogeneous catalysts, ligand bind-
e used to tune the electronic properties of heterogeneous

 For example, Yang et al. functionalized Au nanoparticles
eterocyclic carbenes (NHC) and discovered an increase
talytic current densities as well as the FE of CO produc-
] Through strong �-donation to Au nanoparticles, the
d facilitated fast electron transfer between Au and CO2.
n, the ligand binding was believed to destabilize the Au

ield more “defects” that are favorable for CO2 reduction.
ganometallic surface modifications were also realized on
By chelating Pd surfaces with tridentate NHC, the authors

 both catalytic activity and stability. The selectivity of for-
duction was observed as opposed to CO production on Pd

 calculations indicated that the surface energetics after the
 was more favorable for the production of HCOOH.

rphology effects
nct feature offered by heterogeneous catalysts is that their
properties may  be influenced by the morphologies. At

 rudimental level, the size of the catalysts directly define
ed surface areas – high surface areas would correspond
ctive sites when all other factors are fixed. Next comes

 of the catalyst, which is connected to what facets are
Surface science research has long established that the cat-
ivities are highly sensitive to the exposed facets. More
there are reports indicating that the catalyst morpholo-

 exert a profound influence to the mass transport near
tically active surfaces, by which the reaction kinetics are

ize effect. One initial rationale of employing nanoparti-
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 two oxides; d) Calculated free energy diagrams for the reduction of CO2

4 single-unit-cell layers (bottom, green), respectively; energy unit in eV.

d, nanoparticles feature surface-to-volume ratios tens of
her than bulk materials. For instance, Lu and Rosen et al.
rated that the electrochemical surface area (ECSA) of Ag
icles derived from dealloying of Ag-Al electrode was  ca.
s larger than that of polycrystalline Ag [153].The benefit
orous catalysts could be realized in photoelectrocatalytic
s well. For example, Oh et al. prepared nanoporous Au

 photoelectrode by electrochemical reduction of anodized
lm [154]. The catalytic activity as well as the FECO were
. By incorporating the nanoporous film as a mesh on the
lectrode, the current for CO production reached -2.94 mA
the CO2/CO equilibrium potential under 1 sun illumina-

 FE of CO was  over 90%. These promises notwithstanding,
back of nanoporous catalysts is that they are usually diffi-
dy quantitatively. In fact, reproductive synthesis of these

ructures remain a challenge in itself.
portant to note that while desired reactions (i.e., CO2

) are enhanced on high surface area catalysts, competing
 (e.g., HER) may  also be enhanced, sometimes dispropor-
s such, one must exercise cautions in scaling the sizes of
sts. To this end, Sun and Peterson et al. studied the cat-

ivity and selectivity of monodispersed 4, 6, 8 and 10 nm
articles (Fig. 12). [155] It was  found that the mass activity
oparticles increased as the nanoparticle sizes decreased

 the increasing surface-to-volume ratios. However, the
fficiency of CO production does not follow the same trend.
articles of 8 nm nominal sizes exhibited the highest FE of
.67 V vs. RHE. In order to explain the decreased selectiv-

uthors carried DFT calculations for Au (111) surfaces, Au
faces and Au13 clusters. The results showed that the free
r activation of CO2 to COOH* on Au (211) is significantly
n on Au (111). Au13 clusters featured slightly lower free
r COOH* binding, but the free energy for CO* binding was
or successful liberation of the products. Furthermore, the

gy of H* on Au13 clusters was lower than that of COOH*,
g HER is more favorable on smaller nanoparticles.
rly, Strasser and Cuenya et al. synthesized 9 types of
articles ranging from 1.1 nm to 7.7 nm using an inverse



134 Y. Wang et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 40 (2019) 117–149

Fig. 12. a) F  the p
facets, edge rs. c) 

Au(211) (or 5, cop

micelle e
tion activ
decreased
bulk gold
est ones 

increased
efficiency
45%, whi
authors a
adsorbed
that the s
tonically 

but the C
fore, as th
selectivit
desired fo

Ag nan
synthesiz
carbon w
covered 

nanopart
version. I
as a thin fi
were the
nanopart

These
while the
reduction
in sizes. 

flat surfa
defects. C
affinities 

(211) we
[159]. Wh

dge 

.
omp
ons 

depe
. stu
ction
ease
atic

 cata
ed C
he p
e cat
ne  im

the c
ng re
s cat

ng a 

tion.
tion 

pholo
 by t
derg

ng a 

e pre
 in t

 poly
anop
s cou

.2. F
Es and mass activities of the C-Au-IL on electrocatalytic reduction of CO2 to CO in
s, or corner sites vs the cluster diameter on closed-shell cuboctahedral Au cluste
ange), or a 13-atom Au cluster (red) at −0.11 VRHE. (Figure reproduced from ref. 15

ncapsulation method [156]. They showed that the reac-
ity increased dramatically as the Au nanoparticle sizes
. The largest nanoparticles exhibited similar activity as
, whereas the current density measured on the small-

was ca. 100 times that of the largest ones. However, the
 current density was mainly due to HER. The Faradaic

 of CO production for 7.7 nm Au nanoparticles was  ca.
ch was decreased to 9% for 1.1 nm Au nanoparticles. The
ttributed the increase of HER to the increased stability of

 H* on smaller nanoparticles. DFT calculations indicated
tabilization energies of COOH* and H* decreased mono-
from Au (111) to Au (211) and then to Au55 and Au38,

OOH* stabilization energy was consistently higher. There-
e nanoparticles sizes decreased, both reaction activity and
y toward HER increased. Apparently, such a trend is not
r CO2 reduction applications.
oparticles exhibited similar trends. Min  and Hwang et al.
ed and investigated Ag nanoparticles of different sizes on
ith cysteamine as an anchoring agent [157]. They dis-

that of 3, 5, and 10 nm Ag nanoparticles, the 5 nm Ag
icles exhibited the best reaction activity for CO2 to CO con-
n another work, the same group studied Au nanoparticles
lm on a carbon film and found that nanoparticles of 4 nm

 best, whereas H2 was the main product for the smallest
icles [158].

 efforts on Au and Ag nanoparticles helped us see that
 small sizes favor high reactivity, poorer selectivity of CO2

 against HER would be expected on nanoparticles <4-5 nm
In these catalysts, the (111), (110) and (100) facets are
ces, and the (211) facet is an edge surface with stepping
alculation showed that these facets exhibited different
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facets increased. As a result, HER became more predomi-

ared to Au and Ag, Cu nanoparticles produced hydro-
beyond CO. Nevertheless, a similar trend in terms of
ndence was observed. For instance, Strasser and Cuenya

died Cu nanoparticles of 2–15 nm and found the overall
 activity did change significantly when the catalyst sizes

d from bulk to ca. 5 nm [160]. Below 5 nm,  however, a
 increases of the reduction current was observed. While
lysts mostly produced methane, the nanoparticles mainly
O and H2. Different from the results obtained on Au and
roduction of CO increased relative to HER when the sizes
alysts dropped below 5 nm.
portant but sometimes overlooked issue when evaluat-

atalyst activity and selectivity was the catalyst stability
actions. This issue is especially important for heteroge-
alysis. Although a catalyst may  be defined as “unchanged”
reaction, they do participate in the primary steps of the

 In heterogeneous catalysis, although the chemical com-
of the catalyst may  not change during the reaction, the
gy and/or monodispersity of the catalyst are likely mod-

he reaction. For instance, Au nanoparticles were observed
o random diffusion, collision and fusion into dendrimers

reductive polarization process at room temperature, even
sence of binders [161]. Crooks et al. addressed the stability
heir recent work by using stable Au nanoparticles covered
(amidoamine) dendrimers [162]. While citrate-stabilized
articles increased from 2 nm to 6 nm,  the G8-NH2(Au147)
nterparts stayed the same.

acets exposure. A key factor that defines the reactivity and

y of CO2 reduction is the affinities and/or binding energies
ious reactants, intermediates and products to the catalyst

 which in turn are highly sensitive to the nature of the
surfaces. [163] This is especially true for nanoscale cata-
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Fig. 13. (a) & (b) Comparison of Au nanowires and nanoparticles (a) Edge site weight percentage in 2 nm Au nanowire and nanoparticle as a function of the number of Au
atoms. (b) Calculated optimum edge/corner ratio in Au nanowire and Au nanoparticle. (Figures reproduced from ref. 163, copyright 2014, American Chemical Society); (c) &
(d)  Performances of different Cu catalysts (c) Current densitis at -1.1 V vs. RHE of Cu nanocubes with different sizes. (d) FEs of each product for Cu nanocubes with different
sizes and Cu H); (e
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ght 2015, American Chemical Society).

 high surface areas. To this end, Sun et al. studied CO2
lysis on ultrathin Au nanowires of 2 nm in diameters and

engths (Fig. 13a-b). They discovered that the longer the
s, the more active the catalysts would be. [47] The carbon-

d 500 nm-long nanowires enabled a maximum CO FE of
a mass activity of 1.84 A/g at -0.35 V, much better than
alline Au nanoparticles. The binding modes of COOH* on
wires were calculated, together with the binding ener-
e intermediates on nanowires, Au13 clusters and Au (211)

F
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6 eq
nano
44 n
face
tion
the s
ticle
as concluded that the length dependence was due to the
d edge-to-corner ratios, which increased with the length
owires.

the highe
product b
originate
sited wer
) & (f) morphology and performance of concave rhombic dodecahedral
rious Au catalysts at different potentials. (Figures reproduced from ref.

stematic studies of the facet effects, cubic metal nanopar-
uld be an excellent platform as they are enclosed by

lent (100) facets. Buonsanti et al. group synthesized Cu
res of 7.5 nm and 27 nm and Cu nanocubes of 24 nm,
d 63 nm (Fig. 13c-d). [164] They compared the size and
cts of these catalysts within the context of CO2 reduc-
y found that the cubic morphology is more active than
ical ones. The catalytic activity increased as the nanopar-

s decreased. Of them, the 44 nm Cu nanocubes exhibited

st selectivity toward carboneous products, with the major
eing ethylene. It was concluded that the selectivity was

d from the (100) facets. It also suggested that the edge
e active for CO2 reduction to ethylene. Taken as a whole,
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 between the (100) facets and the edge sites were critical
served reaction and selectivity.
portant limiting factor in studying and further develop-
noscale catalysts for practical CO2 reduction applications

nthesis. To create nanoparticles with high index facets,
l. recently reported Au concave rhombic dodecahedrals

 index facets such as (331), (221) and (553) (Fig. 13e-f).
a demonstration, the authors investigated catalytic prop-
hese nanoparticles. The concave rhombic dodecahedrals

 much higher FE of CO than Au cubes, Au rhombic dodec-
r Au films. In another work, Yin et al. selectively etched
nocubes for enriched high energy facets [166]. This new

anoparticles showed enhanced CO2 reduction activity by
 more high-energy facets.

rain boundaries. Grain boundaries have been used to
he improved catalytic performance of some nanoparti-
sts. Kanan et al. established a quantitative correlation
grain boundaries and the catalytic properties using

icles prepared with metal vapor deposition of Au on
anotubes. [167] The obtained Au nanoparticles were

 in diameters and contained 0–4 visible grain boundaries.
ors quantified the grain boundaries by measuring their
n lengths on the nanoparticle images, converted them to
ngths using geometrical models and calculated the frac-
e grain boundaries on Au nanoparticle surfaces. As an
t control experiment, the authors annealed as-deposited
articles at 200 ◦C, 300 ◦C and 400 ◦C, respectively. Subse-
ctrochemical measurements demonstrated a dependence
eduction activities on the density of grain boundaries

 linear relationship was established at low overpotentials
-0.4 V vs. RHE. The results suggested that the grain bound-
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bility of Au would be increased near the grain boundaries
e breaking of local spatial symmetry. As a result, the inter-

 of *COOH could be better stabilized at grain boundaries,
o a decrease of overpotentials for ca. 200 mV.
rain boundary effect has been observed in other cata-
ell. For instance, Wang et al. reported different activities

tivities by two  types of Cu nanowires with similar mor-
s. [169] The one synthesized with forming gas reduction

 mainly metallic Cu, while the one obtained by electro-
 reduction featured surfaces of small grains as well as small
f Cu2O residue domains. The electrochemically-reduced
xhibited higher catalytic activity and higher selectivity

 by forming gas annealing. The excellent performance of
rochemical reduced Cu nanowires was  believed to be a
the surface structures, as the small grains would lead to
face grain boundaries and more low-coordinated surface
ently, Ager et al. proposed that the increased number of
ndaries after in situ reduction was  the reason for the high
y of oxide-derived Cu toward C2 and C3 products. [170]
18] labeling, they studied the catalysts for CO2 reduction
d that the oxides were not stable at any given moment.

 high density of grain boundaries would be the more likely
the enhanced performance by this type of catalysts.
h overpotentials (e.g., <-1.2 V vs. RHE), grain boundaries
ven more significant role in defining the selectivity of CO2

 products. In a recent paper, Yang et al. revealed that Cu
s with well-defined 5-fold twinned morphologies pro-
ly methane as carboneous products. [171] Nevertheless,
hology of the nanowire was  not stable. During reaction,
icle nucleation happened on the surface of the nanowires,
egradations of the twinning boundaries. Correspondingly,
ct selectivity shifted to gradually favor ethane as the reac-
eeded and the surface structures evolved.

pace confinement and local pH. In 2015, Surendranath et al.
 high selectivity of CO2 reduction by Au inverse opal thin
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Fig. 15. a) FEs for C2H4, C2H6, CO, HCOOH, ethanol, n-propanol, and H2 on Cu nanowire arrays with different lengths at -1.1 V versus RHE in CO2-saturated 0.1 M KHCO3
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2] They found that the selectivity of CO2 reduction over
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lm. They attributed this phenomenon to the mesostruc-
e electrode surface, which suppressed HER due to local
nts during reactions. Even on a flat electrode surface, HER
eduction exhibit different dependence on mass transport
ents, with the HER activity increasing when a rotating

 is rotated at a higher speed. On the surface of a porous
, the diffusion limitation effect is amplified, leading to
se of selectivity of CO2 reduction over HER. Later, Suren-
t al. observed similar effects on Ag inverse opal thin films.

 the electrode roughness factors, the authors were able
 the specific activity toward H2 and CO in a near linear

173]
er group led by Smith observed similar effects on oxide-
g [141] and Cu nanowire arrays [174]. The dependence
rmation on the pH near the electrode surface was
ated in electrolytes containing different buffers on poly-
e Ag electrode. Electrolytes without buffers would see

 pH’s during the reaction (as OH− is generated as a HER by-
 which yielded the highest faradaic efficiencies of CO. On
rived Ag, however, the faradaic efficiencies were almost

 in all three electrolytes. This was due to the fact that mass
 would be limited on Ag with porous surfaces; as such,
e pH would be less sensitive to whether the solution was

or not.
se of Cu was more complex compared to Au and Ag, as
tivity considerations involved not only CO and H2, but
us hydrocarbons. Smith et al. made this point in a nice
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nowires were generated in situ during CO2 reduction. This

 synthesis allowed for the control over the length and den-
 resulting Cu nanowires. Electrochemical performance of

with com
ogy of ele
intermed
change of local pH by the nanowire array. (Figures reproduced from ref.
 electrodes and the SEM images of the electrode with various width and
om ref. 176 copyright Copyright 2016, Wiley·VCH).

nowires with lengths between 0–8.1 �m were analyzed.
les exhibited stable currents after the initial reduction
r up to 5 h. The Faradaic efficiencies of competing HER

d as the nanowires became longer and denser, while the
dic efficiencies of CO2 reduction increased. Among the

roducts, the faradic efficiencies of C2H4 increased with the
 lengths, reaching 17.5% on the 8.1 �m samples. Impor-
products of n-propanol were only detected when the

 lengths were longer than 2.4 �m,  and C2H6 only started
 when the nanowire lengths reached 7.3 �m. The authors

d the unique selectivity to the increase of local pH’s due
owire array morphology. During electrolysis, OH− would

ated near the electrode surface. Normally, HCO3
− could

uffer to maintain the local pH. In the nanowire arrays, the
 of OH− and HCO3

− was  limited, hampering the buffer-
 and leading to higher local pH’s and, hence, suppressed
eover, the increased FEs of C2H4, C2H6 and C3 products
explained by the high local pH effect, which would favor
ization.
ther work, Broekmann et al. prepared Cu foam with a

-assisted electrodeposition process and demonstrated its
selectivity towards C2 products. [175] Furthermore, the
bserved a strong dependence of the FE’s of each C2 prod-

 pore sizes. They suggested that the Cu foam only provided
face areas to increase the active sites for CO2 adsorp-
reduction, but its morphology was critical in trapping
arbonaceous intermediates. Such a spatial confinement
pressed C1 pathways and produced more C2 products.
ilarly, Nam et al. demonstrates this morphology effect
esopore electrodes [176]. The pore size of the Cu elec-

uld be well controlled by the AAO templates. Combining

putational results, they demonstrates that the morphol-
ctrodes alters the local pH and the retention time of the
iates. As a result, the FEs of methane, and especially the
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Fig. 16. (a) Color map  of the free electron density distribution on the surface of electrodes with 5 nm (left), 60 nm (middle) and 140 nm (right) tip radius. Arrows shows the
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ct ethane and ethylene could be readily tuned by the pore
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ield-induced enhancement. One unique effect arising from
 catalysts for CO2 reduction is that the high local electric

d induce reagents to concentrate on the nanosized tip of
cent work, Liu and Pan et al. described this phenomenon,
n the applied potential was low (Fig. 16). [177] The high
tric field would concentrate cations, leading to high local
tions of CO2 near the active electrode surface. Both simu-

 experimental results supported this conjecture. A kinetic
 this tip-enhanced effect was proposed later, which high-
e importance of reaction kinetics to product selectivity.

rating (co-)catalysts with photosensitizers and
trodes

 (co-)catalysts are combined with (photo)electrode sys-
photo(electr-)chemical reactions, new interfaces would
ated. They often lead to new scientific phenomena that
additional attention here. For instance, matching the
s of the catalyst with electrode could be of critical impor-

 efficient charge transfer. To this end, Yang and Zhao
ntly reported a metal complex-semiconductor hybrid of

dppz-Co3O4 that exhibited up to 99.95% selectivity toward
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oto-induced electrons from the conduction band of the
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hing Group).

mogeneous photosensitizers
ionally,  homogeneous catalysts have been studied in com-
with homogeneous photosensitizers for photo-driven
, including CO2 reduction. Upon illumination, the light

 or photosensitizers would be excited first. The excited
s usually reduced by a sacrificial electron donor. The
lectron is transferred to the catalyst, which is reduced
e the catalytic cycle. Common photosensitizers include
u-complexes, such as the aforementioned Ir(ppy)3 and

3]2+. Other photosensitizers, especially those made of
ndant metals have been studied, as well. For instance,
t al. have reported a photocatalytic system consisting of

iimine complex photosensitizer and a Fe-complex as the
180]. In order to start the catalytic cycle, the reduced form
sensitizer must reduce the catalyst. The redox reaction
ven by the reduced molecular complexes. The situa-
ld be more complicated when biocatalysts are involved
dditional electron-transfer systems are usually required.

 electron-transfer mediators include NADH/NAD+, bipyri-
alts (BPs) and Rh complexes. The readers are directed to
views on this topic elsewhere. Unconventional electron-
ystems have been reported, too. In one demonstration,
g et al. demonstrated efficient photochemical reduction
th Ch CODH I as the catalyst (Fig. 17a), Ru-containing metal
[Ru2+(bpy)2(4,4′-(PO3H2)2-bpy)]2+ as the photosensitizer
nanoparticles as the catalyst support [90]. The enzyme
hed to the RuP-modified TiO nanoparticles, where were
2
a catalyst support, but also a mediator to facilitate elec-
sfer from the sensitizer to the enzyme. The authors were
hieve a turnover rate of 5̃30 h−1 (0.14 s-1) per mole CODH
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eous photosensitizers have been used with MOF-based

 [181] as well. In yet another variation, Zhao et al. reported
obalt(II) phthalocyanine)-loaded TiO2 catalysts and pro-
t electrons were transferred from the CoPc to the TiO2
e band upon illumination. [182]

terogeneous light absorbers and photoelectrodes
ost commonly studied heterogeneous photosensitizers
conductors. Their utilizations in photoelectrochemical
ction may  be traced back as early as the late 1970s.
trocatalytic CO2 reduction usually employed p-type
uctors such as Si, III–V, II–VI, and oxides, and the idea was

 minority carriers (electrons) for the reduction reactions.
eaking, to act as a photosensitizer in a photocatalytic sys-
conduction band edge needs to be more negative than
reduction potential. Moreover, sufficient overpotentials
sary to provide enough kinetic driving forces in order to

 the reactions at a meaningful rate. Some semiconductors
herent catalytic activity, although no universally recog-
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 TiO2 nanoparticles as the sensitizer. (Figures reproduced from ref. 90,
mplex catalyst on the TiO2 support layer. (Figures reproduced from ref.

ction on the semiconductor surface in the next session
.2).

re common approach has been to combine heteroge-
otoelectrodes or particles with molecular catalysts. For

 CO2 reduction by Ru, Re-based complex catalysts have
onstrated on photoelectrodes such as p-type Si, [183] InP

N4 [185], CdS [186], TiO2 [187], Cu2O [188,189] and Poly-
late [190]. Similar to the EC system, here the catalyst can

 dispersed in solution or attached to the photoelectrode.
 configuration may  be achieved by either physical adsorp-

ia chemical linkers, which are usually anchoring groups
hosphonate. For instance, Gratzel and Mayer et al. cova-
fted molecular catalysts Re(bpy)(CO)3Cl on the TiO2-Cu2O
ctrode by modifying the bypyrindine group with a phos-
er (Fig. 17b) [189]. The phosphate linker was bound to the

port layer. It is noted that they also introduced a methy-
p between the bipyridine and the phosphate to avoid the
f electronic structure of the catalyst. With a mesoporous
port, the loading of the molecular catalyst was  greatly
. The covalently grafted catalytic system exhibited two

t advantages: (1) the quantity of the catalysts required
tem was  much smaller than a normal homogeneous sys-
the covalent bond allowed direct electron transfer from
ogeneous photoabsorbers to the catalytic active sites. The
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reviously reported the use of free standing molecular cat-
 Cu2O and found that the electrostatic repulsion between

ized photoelectrode and the catalyst would have measur-
imental effects. [188] To reduce the repulsion effect, they
e protic solvents for better charge transfer from Cu2O to
cular catalyst.
ing  enzyme to heterogeneous photosensitizers is

 to enable direct electron transfer and has, therefore,
lored. For instance, Armstrong et al. attached CODH to
ht-harvester CdS nanocrystals. [191] Upon illumination,

rons in CdS quantum dots were excited and transferred
zyme, reducing CO2 to CO with a turnover frequency of
Moreover, a turnover frequency of 1.23 s−1 was obtained

 CdS nanorods were used, emphasizing the importance
otosensitizer morphology.
g metal particles on the heterogeneous semiconductor
s has long been explored for PEC. Typically, metal parti-

 photo-reduced onto the semiconductor surface prior to
ction, but other methods such as sol-gel methods have also
loyed. Besides acting solely as a catalyst, metal particles
tionalize as an electron reservoir to help the separation
enerated charges. Several semiconductor materials mod-

 various metal particles have been shown promising. For
 p-Si photoelectrodes decorated with either Cu, Au, or Ag
have been shown to produce CO, CH4 and C2H4 in aque-
a [192,193]. These studies demonstrated that obtaining
rol of surface structure of the particles on the surface
al in decreasing surface recombination and matching the

 energetics between the semiconductor and the solution.
ors predicted that the optimum yield of CO2 reduction
obtained with metal particles of 5 nm in sizes.
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ith metal particles or thin films co-catalysts is a common
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 TiO2 were Cu, Ag, and Au. For CO2 reduction, the metallic
sts yielded almost identical product distributions as with
metal electrodes.

activated catalysts for CO2 reduction

onic effect is yet another unique feature offered by
ctured metal catalysts. It was proposed to promote CO2
, although direct experimental evidence to support this

 remains to be seen. [194] In one prototypical study, Garcia
mined Au-Cu alloy nanoparticles on TiO2 for CO2 reduc-
] The authors proposed that the plasmonic effect of Au

sible for the reactivity in the visible range. The plasmon-
ited charges transferred from metal (Au) to TiO2, where
ction took place.
broadly, the ability to directly use light as an energy input
hermodynamically uphill reactions such as CO2 reduction
ts a new research area that deserves separate discussions.
dies focus on the integration of co-catalysts with light
s as mentioned in the previous session. However, very
ies pay attention to the photoactivated surfaces/species
icipate in the catalysis and influence the product selec-
this session, we summarize the efforts toward this end.
lly, “photocatalysts” mentioned in this session both serve
bsorbers and participate in the catalytic reactions without
sts.

ogeneous photocatalysts

r  to electrocatalytic systems, photocatalysts may  be
eous molecules. For instance, the Lehn’s catalyst
CO)3X) and related compounds respond to light stimula-
, therefore, also photocatalysts. In 1982, Lehn and Ziessel
rted that under the irradiation of visible light, Ru(bpy)3

2+
2 solution would reduce CO2 to CO in the mixed solution
itrile/water/triethylamine. [196] Later they also demon-
at Re(bpy)(CO)3Cl could be a photocatalyst in reducing

 visible-light as an energy input. [197] Two  competing
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 of CO and formate formation were proposed in this work,
presence of excess Cl− a key deciding factor for the selec-
].
he years, various molecular complexes have been stud-
n the context of photocatalytic CO2 reduction, the metal
f which are critical for both light absorption and the
processes. Two well investigated groups of complexes
etallomacrocycle compounds such as metalloporphyrins
Re(bpy)(CO)3X-derived complexes. [61] Other ligand
such as the N-heterocyclic-carbene [198], phosphines

 thiolates [200] have also been developed. While the
mechanisms of CO2 reduction on Re(bpy)(CO)3Cl had
posed for decades, experimental detection and/or isola-
me important reaction intermediates were only achieved
Inoue et al. successively detected the solvent-coordinated
lex Re(dmbpy)(CO)3DMF  as well as CO2 coordianted
y)(CO)3(COOH) using cold-spray ionization spectrometry.

 discovery helped to complete the catalytic cycle pro-
lier. Briefly, after photoexcitation, a triplet 3MLCT state is
hich would be reductively quenched by sacrificed elec-
rs, e.g., trimethylamine, to form a one-electron-reduced
l− in the complex then dissociates, resulting in a DMF-
ed intermediate. CO2 undergoes an electrophilic attack to

 center, the product of which would subsequently be pro-
o yield a COOH-coordinated Re complex. This CO2 adduct
ther electron and yields CO. The solvent-coordinated

is then regenerated and becomes the major species that
 light and continue the catalytic cycle (Fig. 18).
e ease of optimizations of a photocatalyst, a more ver-
roach may  be to separate the photoharvesting function

catalytic one so that the light absorption and the catalytic
ld be tuned separately. Without repeating ourselves, we
ssions on the supramolecular systems (note: the origi-

ition by Lehn of the supramolecular chemistry discusses
-molecules formed by non-covalent interaction, here the

 definition of Balzani is employed to illustrate the bi-
l nature of the complexes) as a platform to illustrate this

 this end, Ishitani et al. have developed a series of Ru(II)-
ramolecular systems based on Re(bpy)(CO)3X complexes

 [202–205]. Kimura et al. developed another family of
I) based on Ni cyclam catalysts (Fig. 19b). [206,207] It

 noted that when Ishitani et al. conducted CO2 reduction
(II)-Re(I) catalysts in aqueous solutions, the main prod-
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 explanation with compelling experimental evidence is

focus our
reduction
otocatalyst RuReCl. (Figure reproduced from ref. 204, copyright 2015,
-py-cyclamNi(II) complex prepared by Kimura et al. (Figure reproduced

ing, the authors attributed the low yield to back-electron-
from the one-electron-reduced species to the oxidized
. In addition, the photocatalyst underwent photochem-

ersion to Ru(II) bisdiimine complex by the ascorbate. One
ature of these supermolecular systems is the ability to

 absorption units with catalytic ones by molecular linkers,
g exciting opportunities for chemists to tailor design and
e photocatalysts.

rogeneous photocatalysts

ogeneous  photocatalysts are arguably studied to a greater
he most representative ones being semiconductors. As
2 reduction is concerned, a large portion of such stud-
ed on engineering the materials for more efficient light
n and charge separation; efforts have been directed
nderstanding and tuning surface adsorption affinities for
various intermediates, as well. Below we  use the proto-
iO2 photocatalyst as an example to discuss the various
tions.

2
s perhaps the most widely studied photocatalyst for CO2

 and other photocatalytic reactions. [22] Within the con-
is Review, many of the considerations are not unique to
ctions. For instance, with a bandgap of 3̃.0  eV, the narrow
n with respect to the solar spectrum represents a key chal-
t has yet to be solved. Different polymorphs of TiO2 have
wn to exhibit different band gaps and surface facets and,
rent catalytic efficiency and selectivity toward CO2 reduc-
] In practical systems, mixed phases are not uncommon.
ce, the most widely studied TiO2 mineral (P25) is a mix-

%  anatase and 3̃0%  rutile TiO2. The benefit of having mixed
ay  lie in better charge separation. As far as the catalytic

 are concerned, TiO2 surfaces are believed to participate
ctions and sometimes play an important role in defining

tivity and activity. Photocatalytic CO2 reduction on TiO2
o be sensitive to the media in which the reaction takes
well. For instance, gaseous H2O has been shown to lead
mation of CO and CH4 [209], whereas aqueous solutions
ethanol [210]. Formic acid has only been observed when

ion was carried out in solutions [211]. Below we  mainly

 discussions on the chemical nature of photocatalytic CO2

 on TiO2.
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eaction pathways. Generally, two reaction pathways, the
hyde pathway and the carbene pathway, have been dis-
cheme 7). [22]
itial activation of CO2 involves a single electron transfer

2 to CO2 to form CO2
• − radicals. Afterwards, the interme-

ld form formic acid with two oxygen atoms adsorbed on
ce in a bidentate mode. Subsequent proton-coupled elec-
sfer reduces this species to formaldehyde and methanol.
H4 could form with a C O bond dissociation in methanol.
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 of hydrogenation takes place on the carbon atom to form
als. Further hydrogenation or recombination with OH rad-
ld produce CH4 or CH3OH, respectively. It is important

hat neither of the reaction pathways have been experi-
 verified explicitly. Koci et al. evaluated the experimental
f CO2 reduction on TiO2 to kinetic models of both reac-
ways and concluded that the carbene pathway may  be

 plausible one. Besides, Shkrob et al. carried out EPR stud-
 reaction intermediates and detected CHO radicals. The
lso found that formaldehyde and methanol are much eas-
oxidized on TiO2 than being reduced under illumination.
posed yet another mechanism including the formation of
ould be noted that the reaction pathways may  be highly

 to the detailed experimental conditions. The accumula-
owledge is not yet adequate to draw a clearer picture of

ion mechanisms.

ctive species on the surface of TiO2 for CO2 reduction. When
luminated, the first event is electron excitation from the
and (chiefly O 2p orbitals) to the conduction band (chiefly
itals). As such, it is easy to understand that the forma-
3+ and O

• − is a natural consequence of photoexcitation.
enters may  serve as active sites where CO2 binds. Several
of CO2 binding configurations on TiO2 catalysts surface

 proposed. For instance, Anpo et al. suggested that CO2
 Ti3+ with carbon, and one of the two O bound to a hole
e photogenerated electron. A subsequent charge transfer
to C and from O to the hole led to the cleavage of the C O
s process was repeated to yield a C radical on the surface,
as then combined with surface adsorbed O or H to give
H3OH (Fig. 20a). [212] Modern views of CO2 adsorption

 involve the binding between C and the Ti3+ site, produc-
t CO2

• − [27]. On the other hand, oxygen vacancies in TiO2
n demonstrated to be important for specific surface pro-

 CO2 molecule may  be bound to the surface by occupying
e O vacancies by an O in CO2. In a recent work, Weitz
ussed the surface binding configuration of carbonates on
otubes. [213] By treating pristine TiO2 nanotubes with O2
i3+, Ti(4+�) and Ti(4-ı) sites were generated. The authors
ied the configurations of CO2 using in situ FT-IR. They

 the adsorption of bidentate or monodentate carbonates
onates, as well as carboxylates on TiO2 surface (Fig. 20b).

 configuration of each species depended on the Lewis acid-
 binding sites, yielding a vast collection of possible forms.

 importance of the Ti3+ and oxygen vacancy, efforts have
oted to increase their densities. In a recent work, Yin et al.
O2 with F. The interaction between Ti3+ and F- created an
lectric field to increase the Ti3+ density. [214] Li et al. stud-
lationship between the different phases of TiO2 with the

 concentrations of defects and they affect CO2 reduction
208] Through DRIFTs experiments, the authors detected
icals, HCOOH and CO as reaction intermediates. They also
t by helium pretreatment of different TiO2, only anatase
kite could form defective surfaces, and rutile remained
e. Production of CO and CH4 from CO2 photoreduction

ficantly improved on defective anatase and brookite TiO2.
n, defective brookite TiO2 was  more active than anatase

to the lower formation energy of O vacancies. In another
he same group on TiO2/Cu integrated systems, the authors

at O vacancies could facilitate adsorption of CO2 and the
d dissociation [215].
, therefore, expected that anisotropic TiO2 crystals would
 the density of the various sites would be different on
 facets. Although the correlation between facets and spe-
lytic route is not fully established yet, some experimental
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O2. Recently, Kamat et al. carried out electrocatalytic
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+ at -0.95 V vs. RHE, and the reduction of CO2 to the one-

reduced species of CO2
−•
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ction required a more negative potential of -1.9 V vs. RHE.
, in contrast to photocatalytic processes, multiple proton-
electron reduction was not observed here. The authors
ed the central role of Ti3+ as an active site for CO2 bind-

eduction. The following reactions of reduced CO2
• −, such
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ically favorable. In this work, methanol was the major
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er semiconductors
s  TiO2, a variety of semiconductor metal oxides and metal

nides have been studied as photocatalysts for CO2 reduc-
ical examples include p-Si, [218] SiC [219], GaP  [220] in
lectrochemical system, and metal oxides ZnO [221], WO3

 [223], Ga2O3 [224], ZnGa2O4 [225], BiVO4 [226], Bi2WO6
OCl [228], Cu2O, [219] sulfides Bi2S3 [229], CdS [230],
oxometaletes [231]. Summaries of the state-of-art semi-
r photocatalysts systems have been reviewed elsewhere
1,32]. It is noted that whether the semiconductor func-

 solely as the photoabsorber or as the photocatalyst (as
n this review) is normally not discussed. Majority of the

 has been focused on band gap engineering to address the
rption issue for better utilization of the solar spectrum.

es, the importance of oxygen vacancy defects and surface
 group has been mentioned.

l photocatalysts

recently, plasmonic metals have emerged as a new group
ts for photochemical transformation. Upon illumination,
es may  be generated in these metals. These hot charges
ergoes either radiative or non-radiative decay in fast
s (fs to ps). While the efficiency may  be low, it is possi-

lize these charges for CO2 reduction. In addition, photons
erent energy may  lead to the formation of different hot

which further lead to unique selectivity. For instance,
t al. experimentally showed that both plasmonic and

 transition would allow for the utilizations of metal for
alytic reduction of CO2, but with different product selec-
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ig. 21). [232] Au continuous films and nanoparticles have
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d HCHO with � = 254 nm UV illumination, while only CH4

obtained under plasmonic wavelength (� = 532 nm)  irra-
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a metal-oxide interface was believed to help to increase
me of hot electrons. Surface adsorbates were employed
t the hot electrons from the metal. In a recent work,
. demonstrated that multi-electron excitation and C–C
could be achieved on Au nanoparticles. [233] However,
d out by the authors, plasmonic-driven photocatalysis
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ields under UV irradiation, including the percentage of C2
ere higher on Au and Pt photocatalysts than on Cu. This

rast to that observed in the electrochemical system. The
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in the reaction pathways. New opportunities to tune the
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ary and perspectives
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ill depend on the latest development of experimental tech-
d computational capabilities.

 as selectivity is concerned, it has been shown that the
ase and/or difficulty of the various kinetic pathways is

 to the energetics of surface-bound species. Indeed, the
n energy has been used as a convenient descriptor to

 various catalysts in different settings. Nevertheless, dis-
entirely based on a simple descriptor often fail to capture
s necessary to move the field forward with better cata-

 instance, in one set of such discussions, we  see that the
tion of the initially adsorbed CO2 helps to define whether

ion would proceed through the *COOH pathway and yield
product or the*OCOH pathway and produce HCOOH as
tep product. Comparatively, discussions on the selectiv-
g these and other C1 products such CH4 or CH3OH have
less attention. The formation of more complex, C2 and C3

 would require C–C coupling, which demands the adsorp-
 least two  C1 species in close vicinity. Appreciation of the
ties alone could help us to see how studies on homoge-
alysis of CO2 reduction could affect the binding geometry
rough controlling the ligands. The intramolecular interac-
/or the steric effects play critical roles in these examples.
pproaches should be able to be borrowed for heteroge-
alysis of CO2 reduction, as well. However, how to achieve

oals remains an open challenge. Moreover, the electronic
s of the active center of a homogeneous catalyst may  be
d by ligands, too. Even slight variations of substituents
n shown to result in significant changes of the catalyst
tentials. Controlling how the substrates bind on a het-
us catalyst is exceedingly challenging, especially when
cular structures of the binding sites remain to be clearly
. These caveats notwithstanding, surface treatments such
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rption have been widely applied for catalyst optimization.

 CO2 reduction is concerned, in most cases, the binding
of CO2 and intermediates on both modified and the orig-
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a,  B.J. Trześniewski, J. Xie, W.A. Smith, Selective and efficient reduction
rbon dioxide to Carbon Monoxide on oxide-derived nanostructured
r  electrocatalysts, Angew. Chemie Int. Ed. 55 (2016) 9748–9752.
en, C.W. Li, M.W.  Kanan, Aqueous CO2 reduction at very low
potential on oxide-derived Au nanoparticles, J. Am.  Chem. Soc. 134
2) 19969–19972.
en, M.W.  Kanan, Tin oxide dependence of the CO2 reduction efficiency
n electrodes and enhanced activity for Tin/Tin oxide thin-film catalysts,
.  Chem. Soc. 134 (2012) 1986–1989.
istry, A.S. Varela, C.S. Bonifacio, I. Zegkinoglou, I. Sinev, Y.-W. Choi, K.
inger, E.A. Stach, J.C. Yang, P. Strasser, B.R. Cuenya, Highly selective

a-activated copper catalysts for carbon dioxide reduction to ethylene,
Commun. 7 (2016) 12123.
o, Y. Lin, X. Jiao, Y. Sun, Q. Luo, W.  Zhang, D. Li, J. Yang, Y. Xie, Partially
zed atomic cobalt layers for carbon dioxide electroreduction to liquid
Nature 529 (2016) 68.
o, Z. Sun, W.  Liu, X. Jiao, X. Zu, Q. Hu, Y. Sun, T. Yao, W.  Zhang, S. Wei, Y.
tomic layer confined vacancies for atomic-level insights into carbon

de electroreduction, Nat. Commun. 8 (2017) 14503.
ander, M.F. Baruch, A.B. Bocarsly, Probing the mechanism of aqueous
reduction on post-transition-Metal electrodes using ATR-IR
troelectrochemistry, ACS Catal. 6 (2016) 7824–7833.
ra, A. Tsuneto, A. Kudo, T. Sakata, Change in the product selectivity for
lectrochemical CO2 reduction by adsorption of sulfide ion on metal
rodes, J. Electroanal. Chem. 434 (1997) 239–243.
an, C. Tsai, H.A. Hansen, J.K. Nørskov, Molybdenum sulfides and

ides as possible electrocatalysts for CO2 reduction, ChemCatChem 6

4)  1899–1905.
sadi, B. Kumar, A. Behranginia, B.A. Rosen, A. Baskin, N. Repnin, D.
ale, P. Phillips, W.  Zhu, R. Haasch, R.F. Klie, P. Král, J. Abiade, A.

http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0480
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0485
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0490
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0495
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0500
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0505
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0510
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0515
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0520
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0525
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0530
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0535
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0540
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0545
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0550
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0555
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0560
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0565
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0570
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0575
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0580
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0585
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0590
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0595
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0600
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0605
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0610
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0615
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0620
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0625
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0630
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0635
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0640
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0645
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0650
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0655
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0660
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0665
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0670
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0675
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0680
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0685
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0690
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0695
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0700
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0705
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0710
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0715
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0720
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0725
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0730
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0735
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0740
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0745
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750
http://refhub.elsevier.com/S1389-5567(18)30067-4/sbref0750


148  Photo

Saleh
edge

[151]  Z. Ca
Reim
to tu
Chem

[152] C. Zh
C.  Ch
of  ele
organ

[153] Q. Lu
selec
Com

[154] J.T. S
thin  

phot
1601

[155]  W.  Z
Peter
elect
1683

[156]  H. M
Exce
CO2 o

[157]  C. Kim
Achie
using
1384

[158] E.B. N
catal
Catal

[159] S. Ba
for C

[160] R. Re
effec
Chem

[161] K. Ma
nano
(201

[162] J.A. T
for  A
(201

[163]  W.  Lu
path

[164] A. Lo
Buon
elect
5789

[165]  H.-E.
Lee,  M
with
8384

[166]  Z. W
high-
redu

[167]  X. Fe
elect

[168] K.-S. 

abilit
redu

[169]  D. Ra
CO2 r

[170] L. Ya
catal
Ange

[171]  Y. Li,
elect
nano

[172]  A.S. H
selec
1483

[173]  Y. Yo
prom
Ed.  5

[174] M.  M
the e
Chem

[175] A. Du
matt
oxide

[176] K.D. 

Morp
on a 

[177] M.  Li
Fan, 

Kum

elect
Natu

 H. Jia
enha
Ange

 X. Hu
semi
effici

 H. Ta
using
(201

 H. Fe
redu
meta

 S. Liu
sol-g
6 (20

 K. Al
of  CO
J.  19 

 S. Sa
Selec
utiliz
133 (

 R. Ku
redu
catal

 M.F. 

CO2

nano
 C.D. 

R.N. 

throu
(201

 M.  Sc
Tilley
cost 

Envi
 M.  Sc
imm
redu

 C. Ci,
mech
comp

 Y.S. C
Rags
coup

 R. Hi
surfa
redu
301–

 R. Hi
semi
carbo
102 (

 G. Ku
light
12  (2
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