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Ordered layered double hydroxides (LDHs) consisting of zinc and/or copper hydroxides were synthesized
and combined with aluminum or gallium. These LDH compounds were then applied as photocatalysts to
convert gaseous CO, (2.3 kPa) to methanol or CO under UV-visible light using hydrogen. Zn—AIl LDH was
the most active for CO, photoreduction and the major product was CO formed at a rate of
620 nmol h™! g1, whereas methanol was the major product formed by the inclusion of Cu in the LDH
photocatalysts, e.g., at a formation rate of 170 nmol h™* gl using Zn—Cu—Ga photocatalyst. The metha-
nol selectivity improved by the inclusion of Cu from 5.9 to 26 mol% and 39 to 68 mol%, respectively, when
Zn—Al (the conversion 0.16-0.11%) and Zn—Ga LDH catalysts were used (the conversion 0.02-0.03%).
Specific interaction of Cu sites with CO, was spectroscopically suggested to enable coupling with protons
and photogenerated electrons to form methanol.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Carbon dioxide is one of the major greenhouse gases [1]. Several
methods for reducing CO, concentration in the atmosphere have
been investigated, such as increasing green carbon sinks (plants,
phytoplankton, and algae containing chloroplasts); increasing dis-
solved carbonate and its salts in sea water; or capturing CO, and
transferring it to the bottom of the sea in a supercritical state. It
would be advantageous to capture CO, from the atmosphere and
convert it to fuels using sustainable energy such as sunlight, be-
cause this solves the problems of global warming and sustainable
energy shortage simultaneously.

The major obstacle to realizing this option is the thermody-
namic limitation on the chemical conversion:

C0,(g) +2H,0(g) — CH30H(g) + 1.50,(g), AG, = +689 kjmol ™.

Since an efficient catalyst for this photoconversion to fuel is un-
known [2-12], it is also important to investigate good catalysts
for CO, conversion to methanol or other fuels using hydrogen as a
reductant, which is potentially obtained from water splitting:

2H,0(g) — 2H,(g) + 05(g), AG, = +457.2 k] mol ™.

CO,(g) + 3Ha(g) — CH3OH(g) + H,0(g), AG, = +2.9 kJmol ™.

* Corresponding author. Fax: +81 43 290 2783.
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The latter reaction, using hydrogen, does not essentially solve the
problems of global warming and sustainable energy shortage, be-
cause current hydrogen production processes require energy and
produce CO,. The hydrogen needs to be produced from water driven
by sunlight if the photoreduction in this paper is to be utilized in a
future environmentally benign society [13].

Catalysts for converting CO, to methanol using hydrogen at
room temperature and utilizing UV-visible light were investigated
in this study. As described above, this option requires technologies
both to capture CO, from the atmosphere and to convert it into
fuel. To satisfy the two requisites, layered double hydroxides
(LDHs) were chosen with the expectation of (1) sorption capacity
for CO, in the layered space and (2) tunable semiconductor prop-
erties (photocatalytically active) as a result of the choice of metal
cations. LDHs are materials based on the layered structure of bru-
cite (Mg(OH),), which has a hexagonal crystal structure, whereas
the MgOg octahedra are linked at the edge to form sheets
(Scheme 1A). One of the naturally occurring LDH compounds is
hydrotalcite [14]. The charge of cationic sheets formulated as
MY ,MY(OH),*" is compensated for by an intercalated anion
group, e.g., CO3~,S03" NO;,Cl", or OH", and the M" site can be
Mg, Mn, Fe, Co, Ni, Cu, or Zn. The M" site can be Al, Cr, Mn, Fe,
or Ga. x is normally variable within the range 0.17-0.33. The molar
amount of structural water intercalated between the cationic lay-
ers is about half of the total molar amount of metal cations
(Scheme 1A) [15-19].

As for the first requisite, the sorption capacity of LDHs
was 0.5—1.4mmol g, ., which was comparable to that of
zeolites (0.95—3.2 mmol g, ...) [20,21] and greater than that of
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Scheme 1. (A) Structure of Zn57,,<,yCuxM;"(OH)72 -38H,0 cluster models: (i) x=y=0; (ii)x=0,y=12, M=Al, (iii)) x=0,y=1,M=Ga; (iv)x=1,y=0; and (v) x=1,y =12,
M = Al. (B) Hydrogen carbonate species formed from the reaction of CO, with the surface hydroxy group of Zns; yCuXM;"(OH)u -38H,0.

montmorillonites (0.4—0.5 mmol g_l,...) [22,23]. The proportion
of carbonate ions in [Zng75Gagas(OH),]%%"(C0O3)2,s - mH,0 is
1.1 mmol g;3,;. The tests for CO, sorption were reported for previ-
ously degassed LDH compounds in which the M" site was Mg, Co,
Ni, Cu, and Zn and the M" site was Al and Ga [15,24-26]. In con-
trast to the fact that various negatively charged sheet layered
materials such as montmorillonites, smectites, and kaolinites have
been studied in detail, the number of positively charged sheet lay-
ered materials that can be applied directly to carbonate anion ex-
change is limited and they are not well studied.

As for the second requisite, Zn" and Ga" were chosen as the cat-
ions of LDHs to form the semiconductor samples. Zinc and copper
have an affinity for CO, and they form carbonate and formate spe-
cies in methanol synthesis, typically at 523-573 K [27]. In addition,
Zn and Cu are associated with the trivalent elements Ga, Al, or Cr in
the synthesis of industrial methanol [28]. In this context, LDH com-
pounds [Zn}_, ,Cu)M}"(OH),J57,(COs)*" consisting of Zn and/or Cu
associated with Ga™ or Al were chosen to behave as semiconduc-
tors and potentially produce methanol via a photo process.

Photoreduction of CO, using hydrogen as a reductant has been
reported to produce carbon monoxide using Rh/TiO,
(5.1 umol h™" gZ1) [29], ZrO, (0.51—0.70 pmol h™' g21) [30,31],
MgO (1.6 umolh™' gl) [32], and B-Ga,0s (0.76 umol h™' g_1)
[33], and to produce methane using TiO, (0.30 pmol h' gl
[8,34]. In this study, new catalysts for producing methanol were
found for the first time in the photoreaction of CO, using hydrogen
as a reductant. The synthesis, photocatalytic performance, and
spectroscopic monitoring of the interaction of metal sites with
CO,, and bandgap energies vs each reaction step of CO, reduction
and that of H, oxidation to H" were reported.

2. Experimental
2.1. Syntheses

For the synthesis of LDH compounds, zinc nitrate hexahydrate
(Wako Pure Chemical, >99%), copper nitrate trihydrate (Wako Pure
Chemical, >99%), gallium nitrate hydrate (Wako Pure Chemical,
>99.9%; n = 7-9 of Ga(NOs), - nH,0), aluminum nitrate nonahydrate

(Wako Pure Chemical, >99.9%), sodium carbonate (Wako Pure
Chemical, >99.8%), and sodium hydroxide (Kanto Chemical,
>97.0%) were used as received. Deionized water (<1.0 uScm™1)
was used throughout the syntheses.

An LDH compound formulated as [ZnsGa"(OH)g];(COs)*"
mH,0 was synthesized [35]. A mixed solution (20 ml) of 0.75 M
Zn(NOs3),-6H,0 and 0.25 M Ga(NOs), - nH,0 was dropped at a rate
of 0.6 ml min~' into 100 ml of a 0.075 M Na,CO5 solution in a flask
at 290 K with stirring at a rate of 900 rpm. The pH was adjusted to
8 by adding 1.0 M NaOH (~20 ml total). After the addition was
complete, the mixture was continuously stirred at the same rate
at 290 K for 2 h. The pH was maintained at 8 by adding 1.0 M NaOH
(~0.5 ml total). Then the temperature of the mixture was raised to
353 K and continuously stirred for an additional 22 h. The pH of the
solution did not change from 8 throughout the 22 h. The obtained
precipitates were filtered using a polytetrafluoroethene-based
membrane filter (Omnipore JGWP04700, Millipore) with a pore
size of 0.2 pm, washed with deionized water, and dried in ambient
air at 290 K for 5 days. Following the same procedure, an LDH com-
pound formulated as [Zn;Al" (OH),]; (CO3)*~ - mH,0 was synthe-
sized using AI(NOs)3-9H,0 (0.25 M) instead of Ga(NOs), - nH,O
(0.25 M).

Cu atoms were substituted at the Zn" sites in the LDH com-
pounds formulated as [Zn;M"(OH)g]; (COs)* - mH,0 (M =Ga or
Al). At the beginning of the synthesis, a mixed solution (20 ml)
was prepared as 0.375 M Zn(NOs),-6H,0, 0.375 M Cu(NOs),-3H,0,
and 0.25 M AI(NOs3)3-9H,0 (or 0.25 M Ga(NO3)3-nH,0) to set the
molar ratio of Zn", Cu", and M" (Ga, Al) ions to 3:3:2. Henceforth,
the steps are essentially identical to those described above for the
syntheses of [ZnsM" (OH),]3(CO3)*™ - mH,0.

2.2. Characterization

Nitrogen adsorption isotherm measurements were performed
at 77 K within the pressure range 1.0-90 kPa in a vacuum system
connected to diffusion and rotary pumps (107° Pa) and equipped
with a capacitance manometer (Models CCMT-1000A and GM-
2001, ULVAC). The Brunauer-Emmett-Teller (BET) surface area
(Sger) was calculated on the basis of eight-point measurements



N. Ahmed et al./Journal of Catalysis 279 (2011) 123-135 125

between 10 and 46 kPa (P/Py = 0.10-0.45) on the adsorption iso-
therm. The samples were evacuated at 383 K for 2 h before the
measurements.

X-ray diffraction (XRD) data were obtained using a MiniFlex dif-
fractometer (Rigaku) at a Bragg angle of 20 =5-70° with a scan
step of 0.01° and a scan rate of 7 s per step for the sample powders.
The measurements were performed at 30 kV and 15 mA using Cu
Ko emission and a nickel filter. Scanning electron microscopy
(SEM) measurements were performed using JEOL Model JSM-
6510A at the Chemical Analysis Center, Chiba University. The sam-
ples were mounted on a conducting carbon tape and coated with
gold. The electron accelerating voltage was between 15 and
25kV and the magnification was between 20,000 and 50,000
times.

Optical spectroscopic measurements were performed using a
UV-visible spectrophotometer (JASCO, Model V-650). D, and halo-
gen lamps for wavelengths below and above 340 nm, respectively,
and an integrating sphere (JASCO, Model ISV-469) were used for
the diffuse reflectance measurements. Measurements were per-
formed at 290 K within the wavelength range 200-900 nm using
100 mg of fresh samples. Diffuse reflectance spectra were con-
verted to absorption spectra on the basis of the Kubelka-Munk
equation [36,37]. The bandgap value was evaluated on the basis
of either simple extrapolation of the absorption edge or the fit to
the equation of Davis and Mott [37],

o x hv oc (hv — E)",

in which «, h, and v are the absorption coefficient, Planck’s constant,
and the wavenumber, respectively, and n is 1/2, 3/2, 2, and 3 for
allowed direct, forbidden direct, allowed indirect, and forbidden
indirect transitions, respectively.

Cu, Zn, and Ga K-edge X-ray absorption fine structure (XAFS)
spectra were measured at 30-290 K in transmission mode in the
Photon Factory at the High Energy Accelerator Research Organiza-
tion (Tsukuba) on beamlines 7C and 9C. The storage-ring energy
was 2.5 GeV and the top-up ring current was 450 mA. A Si(11 1)
double-crystal monochromator was inserted into the X-ray beam
path. The X-ray intensity was maintained at 65% of the maximum
flux using a piezo translator set to the crystal. The slit opening size
was 1 mm (vertical) x (1-3) mm (horizontal) in front of the Iy ion-
ization chamber. The Iy and liansmic iONization chambers were
purged with N, and Ar, respectively. The scan steps were ~9,
~0.3, and ~2.5eV in the pre-edge, edge, and postedge regions,
respectively. The data accumulation time was 1-5 s for each data
point. The Zn K, Cu K, and Ga K-edge absorption energy values
were calibrated to 9660.7, 8980.3, and 10,368.2 eV for the spectra
of Zn, Cu, and Ga metals, respectively [38,39]. The energy position
of the monochromator was reproduced within +0.1 eV.

2.3. Analyses

The XAFS data were analyzed using an XDAP package [40]. The
pre-edge background was approximated by a modified Victoreen
function, C,/E? + G, /E + Co. The background of the postedge oscilla-
tion was approximated by a smoothing spline function, calculated
by an equation for the number of data points, where k is the wave-
number of photoelectrons:

Data Points (,UX, _ BGi)Z

——————— < smoothing factor.
= exp(—0.075k;)

Multiple-shell curve-fit analyses were performed for the
Fourier-filtered k3-weighted extended X-ray absorption fine struc-
ture (EXAFS) data in k- and R-space using empirical amplitude and
phase-shift parameters extracted from the EXAFS data for CuO and
ZnO. The interatomic distance (R) and its associated coordination

number (N) for the Cu—O and Zn—O pairs were set to
0.19521 nm with the N value of 4 [41] and to 0.1978 nm with
the N value of 4, respectively, on the basis of their crystal structure
[42]. The many-body reduction factor Sg was assumed to be equal
for the sample and the reference.

The amplitude and phase-shift parameters were also generated
theoretically for Zn---Zn (R=0.308 nm with an N value of 6),
Zn---Zn (R =0.53347 nm with an N value of 6), and Zn.--Zn pairs
(R=0.616 nm with an N value of 6) using a Zns;(OH);, model
(Scheme 1A-i), and for the Zn---Al pair (R=0.308 nm with an N
value of 2) using a ZnysAl;>(OH);> model (Scheme 1A-ii) using the
ab initio calculation code FEFF 8.4 [43] in the self-consistent field
mode. One-fourth of the Zn sites were periodically replaced by Al
atoms in the ZngsAl;5(OH);, model. The exchange-correlation
potential of Hedin-Lundqvist was chosen. The Debye temperature
of the LDH models was assumed to be equal to that of ZnO
(370 K) [44]. The goodness of fit was given as requested by the Com-
mittee on Standards and Criteria in X-ray Absorption Spectroscopy.

The Zn, Cu, and Ga K-edge X-ray absorption near-edge structure
(XANES) spectra were theoretically generated using FEFF 8.4 oper-
ated in the self-consistent field mode and the fully multiple scat-
tering mode.

2.4. Photocatalytic reduction of CO,

Photocatalytic reactions were conducted in a closed circulating
system using a photoreaction cell with a flat quartz bottom (total
volume of reaction system 186 ml, Fig. S1) [45]. One hundred mil-
ligrams of the LDH catalyst was homogenously spread in a quartz
reaction cell (bottom plate area 23.8 cm?) connected to the circula-
tion loop and evacuated (107° Pa) at 290 K for 2 h as pretreatment
until the desorbed gas was detected by an online gas chromato-
graph (GC). Either 21.7 kPa of H, (1.67 mmol) or 2.3 kPa of CO,
(0.177 mmol) + 21.7 kPa of H, (1.67 mmol) was introduced and al-
lowed to circulate for 30 min in contact with the catalyst to reach a
sorption equilibrium before the photoillumination.

The catalyst was then illuminated with UV-visible light ob-
tained from a 500-W xenon arc lamp (Ushio, Model UI-502Q)
through the flat bottom of the quartz reactor (Fig. S1A) for 5 h.
The distance between the bottom of the reactor and the lamp exit
window was set to 20 mm. The light intensity at the wavelength of
555 nm was 42 mW cm™2 at the center of the sample cell and
28 mW cm™2 at the periphery of the bottom plate of the sample
cell. Note that the intensity was measured at 555 nm but the Xe
arc lamp irradiated in a wide spectrum between 200 and
1100 nm. The temperature was within the range 305-313K at
the catalyst position during the illumination (Fig. S2). The trans-
mitted light intensity was also evaluated by changing the catalyst
amount between 0 and 0.2 g (Fig. S3). Half of the incident light was
absorbed or scattered by 0.1 g of catalyst charged and half was
transmitted. Because the transmitted light intensity monotonically
decreased as the catalyst amount increased, most of 0.1 g of cata-
lyst should have been effectively illuminated. As a comparison,
one of the LDH catalysts was illuminated with UV-visible light ob-
tained from another 500-W xenon arc lamp (Ushio, Model SX-
UID502XAM) through a UV hot mirror (3.3 mm thick; Edmond), a
water filter (100-mm thickness), and the flat bottom of the quartz
reactor (Fig. S1B). The distance between the bottom of the reactor
and the lamp exit window was set to 206 mm. The light intensity
at 555 nm was 106 mW cm~2 at the maximum of the sample cell
and 76 mW cm? at the periphery of the bottom plate of the sam-
ple cell.

To evaluate the dependence of the photocatalytic reaction rates
on wavelength, a sharp cutoff filter, UV-32 (>320 nm), L-37
(>370 nm), L-42 (>420 nm), or Y-48 (>480 nm) (Kenko), was set
at the lamp exit window [45]. The liquid nitrogen trap was used
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Table 1
Physicochemical characterization of [Zn;_,Cu,M"(OH)g]; (CO3)*~ - mH,0 (x =0, 1.5; M"' = Al, Ga) layered double hydroxides and reference catalysts.
Sample Sger (m? g~1) E, (eV)
Extrapolated Fit to o x hv o< (hv — Eg)*, n = Interlattice distance (nm)
1)2 32 2 3 (003) (110)
(A) Zns_xCu,AlI""LDHs
[Zn3Al(OH)8]2’(CO3)2’ . mH,0 57 5.7 59 5.5 53 5.0 0.757 0.154
[an.SculeAl(OH)s];(cch)27 -mH,0 38 4.1 4.5 3.8 34 2.7 0.753 0.154
(B) Zn;_,Cu,Ga'™ LDHs
[Zn3Ga(OH)g )5 (CO3)*” - mH,0 70 5.6 59 54 52 5.0 0.751 0.155
[an_Scul,SGa(OH)slg(C03)27 - mH,0 57 3.5 4.2 3.2 3.0 2.6 0.753 0.155
(C) References
Cu—Zn0? 41
Gay05° 2.0

2 The Cu—ZnO catalyst was prepared via the reported inverse precipitation method starting from copper and zinc nitrates (atomic ratio Cu:Zn = 54:46) with NaHCO5 [27].
> Commercial sample (Kanto Chemical, 99.0%). The major crystalline phase was o-Ga,0s.

for the reaction in H; gas only to condense the formed CO,, CH30H,
and H;0. Products and reactants were analyzed using packed col-
umns of Molecular Sieve 13X-S and PEG (polyethylene glycol)-
6000 supported on Flusin P (GL Sciences) set in the online GC
equipped with a thermal conductivity detector (Shimadzu, Model
GC-8A). Two blank tests were performed: a reaction test illumi-
nated with UV-visible light in the absence of photocatalysts and
another test for catalyst in the absence of any light. For the latter
test, the reactor was completely wrapped with 20-pum-thick alumi-
num foil. To confirm the photocatalytic methanol synthesis, reac-
tivity tests on carbonates in LDHs in H, gas and photocatalytic
tests on LDHs in CO, gas were also performed. Furthermore, the
change in the photocatalytic performance when the gas was
switched to a mixture of CO, + H, was investigated.

3. Results
3.1. Nitrogen adsorption, XRD, SEM, and UV-visible spectra

The Sger value was measured on the basis of the N, adsorption
at 77 K for LDH compounds preheated at 383 K (Table 1). The Sggr
value for [Zn;Ga(OH)gl;(COs)*™ -mH,0 (70m?g™ ') was 21%
greater than that for [anAl(OH)SH(Cog)Z’ -mH,0. The Sggr value
decreased by 19% for [ZnsGa(OH),; (CO3)*™ - mH,0 and by 34%
for [ZnzAl(OH)g]3(CO3)*™ - mH,0 by substitution of Cu atoms at
half of the Zn sites.

1400 Errrerey g

1200

Intensity (counts per second)

10 20 30 40 50 60 70
2-Theta (degree)

Fig. 1. XRD spectra of fresh samples of [ZnsAl(OH)s];(CO3)*" -mH,0 (a),
[Zn, 5Cuy sAI(OH)g]; (CO3)*™ - mH,0  (b), [Zns Ga(OH)gl; (CO3)* -mH,0 (c), and
[Zn; 5Cuy 5Ga(OH)8];(C03)2’ -mH,0 (d) and the used samples  of
[Zn; 5Cuy sAI(OH),]; (CO3)* - mH,0 (b-u) and [Zn; sCu;sGa(OH),); (CO3)*™ - mH,0
(d-u) in 2.3 kPa of CO, + 21.7 kPa of H, under UV-visible light for 5 h.

The XRD spectra measured for [ZnsAl(OH)g]; (COs)>~ - mH,0 and
[Zn; 5Cu; 5Al(OH),]; (CO3)*™ - mH,0 are depicted in Fig. 1a and b.
The diffraction peaks common at 20g=11.7°, 23.5°, 34.6°, 37.3°,
39.2°, 43.9°, 46.7°, 52.9°, 56.3°, 60.2°, 61.5°, and 65.5° were as-
signed to (003), (006), (009), (104), (015), (107), (018),
(1010),(0111),(110),(113),and (11 6)diffraction for the reg-
ular layered structure, respectively [46,47]. The interlayer interval
was evaluated as 0.757 and 0.753 nm on the basis of the (0 0 3) dif-
fraction angle (Table 1A), consistent with the values 0.757 and
0.756 nm, which were evaluated based on the (00 6) diffraction
angle. The interlayer interval value was 0.777 nm, on the basis of
the (0 0 9) diffraction. The small difference may be due to the over-
lap of the diffraction peak (0 09) with the (0 1 2) diffraction. The
in-plane (11 0) diffraction angle (0.154 nm, Table 1A) within a
layer corresponds to R(Zn—O0) of 0.218 nm if complete ZnOg octa-
hedra are assumed. Compared to the R(Zn—0) values provided by
the Zn K-edge EXAFS analyses for [Zn3Al(OH)8]2+(C03)2’ -mH,0
and [Zn; 5Cu; sAI(OH)g]3(CO3)*™ - mH,0  (0.205-0.207 nm), the
LDH cation sheets were found to be slightly elongated in the direc-
tion of the cationic layer plane.

The 20 angles of plane-to-plane diffraction peaks (00 3),
(006), and (009) perpendicular to the cationic layers changed
negligibly when Ga atoms were substituted at the trivalent Al sites
(Fig. 1c and d). In contrast, other peaks significantly shifted toward
smaller angles, reflecting the greater ionic radius of Ga than of
Al e.g. 20p for (11 0) diffraction of 60.2° (0.154 nm) for Al-con-
taining LDHs to 59.5° (0.155 nm) for Ga-containing LDHs (Table 1).
In the spectrum d for Zn1_5Cu],5Ga(OH)8]§(COg)z’ -mH,0, peaks at
20g=27.9°30.3°,35.7°,57.3°, and 62.9° were also observed, which
were derived from the impurity.

A representative SEM image for [anAl(OH)SH(COg)Z’ -mH,0 is
depicted in Fig. 2. Flat flakes smaller than 100 nm were observed,
which suggested the coagulation of the stacked layered structure.

As indicated in Fig. 1b-u and d-u, the LDH samples after the
photocatalytic tests in 2.3 kPa of CO,+21.7 kPa of H, under
UV-visible light for 5 h differed negligibly from the corresponding
data for fresh samples (Fig. 1b and d); therefore, the layered
structures of as-synthesized Zn;sCu;sAl(OH)g]; (CO3)*™ - mH,0
and Zn1V5Cu1vsGa(0H)8]§(CO3)2’ -mH,0 samples should be well
retained.

An extrapolation of the absorption edge in the UV-visible
absorption spectra was drawn (Fig. 3A). The intercepts with the
x-axis for [ZnzAl(OH),]3 (CO3)*™ - mH,0 and [Zn3Ga(OH)g; (CO3)*"
mH,0 were 218 and 222 nm, respectively (Spectra a, c), corre-
sponding to bandgap values of 5.7 for [Zn;Al(OH),]; (CO3)*"
mH,O0 and 5.6eV for [Zn;Ga(OH)s]g(C03)2’ -mH,0 (Table 1).
The bandgap values based on the fit to the equation of Davis and
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Fig. 2. SEM image for [Zn3Al(0H)g]§(CO3)Z’ -mH,0.
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Fig. 3. (A) Diffuse reflectance UV-visible absorption spectra of fresh samples of
[ZnsAl(OH)g]; (CO3)*> -mH,0  (a),  [ZnysCuysAI(OH)]5(CO3)? -mH,0 (),
[Zn;Ga(OH)g); (CO3)* -mH,0 (c), and [Zn;5Cu;5Ga(OH)g; (CO5)* - mH0 (d).
(Inset) Expanded spectra (a) and (c). (B) Fit to the equation of Davis and Mott
(o0 x hv o (hv — Eg)") for data of spectrum (d). (o x hv)?, (o x hv)?>, (o x hv)'2, or
(ot x hv)'® vs hv was plotted and the intercept with the x-axis estimates the Eg
value.

Mott by applying different n values were within the range
5.0-59eV both for [Zns;Al(OH),;(CO5)*>”-mH,0 and for
[ZnsGa(OH),]5 (CO3)*>~ - mH,0. The bandgap values in the case of
n=1/2 or 3/2 were relatively similar to the corresponding bandgap
values based on simple absorption edge extrapolation (Table 1).
The electronic transition for [ZnsM" (OH)g]; (CO3)*~ - mH,0 could
be a direct process from oxygen 2p to metal ns or np levels (n=4
for Zn and Ga and n =3 for Al). In addition, a weak peak was ob-
served centered at 291 nm for [Zn;Ga(OH),]3 (CO3)*™ - mH,0 and
a weaker peak was observed for [Zns;Al(OH),];(CO3)*” - mH,0
(Fig. 3A, insets ¢, a).

By the inclusion of Cu, the UV absorption edge shifted toward the
lower-energy side for [an_SCu1_5A1(OH)8H(CO3)2 -mH,0 (Fig. 3A-b)
and shifted to further lower energy for [an,SCul,SGa(OH)g]z*(CO3)2’-

mH,0 (Spectrum d). The extrapolation of the absorption edge was
drawn and the intercepts with the x-axis for [an_;,Cul_sAl(OH)s];
(CO3)* H,0 and [Zn; 5Cuy sGa(OH),J7 (CO3)*"H,0 were 306 and
354 nm, respectively, corresponding to the bandgap values of
4.1 for [an_sCu1_5Al(OH)8H(CO3)2’ -mH,0 and 3.5eV for
[Zn; 5Cu; 5Ga(OH)g); (CO3)*™ -mH,0 (Table 1). The bandgap
values calculated on the basis of the fit to the Davis and
Mott equation by applying different n values were 2.7-4.5
for  [Zn;sCu;5Al(OH)g); (CO3)*” -mH,0 and 2.6-4.2eV  for
[Zm_5Cu1_SGa(OH)8H(C03)2‘ -mH,0 (Table 1 and Fig. 3B). The band-
gap values in the case of n = 3/2 were similar to the corresponding
bandgap values based on simple extrapolation. The electronic tran-
sition for [Zn; 5Cu; sM™ (OH)g]3 (CO3)*™ - mH,0 might be a forbidden
direct process from oxygen 2p to metal ns or np levels (n = 4 for Cu,
Zn, and Ga and n = 3 for Al).

3.2. XANES spectra for fresh [Zn;,xCuXX(OH)g];(Cog)Z’ -mH,0

Zn K-edge XANES spectra for LDH samples in comparison to the
reference spectra are shown in Fig. 4A. The entire spectral patterns
for [ZnzAl(OH)g]3(CO3)*™ - mH,0 and [Zn;sCu; sAl(OH),); (CO3)*™
mH,0 (Spectra b and c) closely resemble each other. In both
spectra, an intense peak at 9671.7 eV is accompanied by weak,
broad peaks at 9688, 9715, and 9724 eV. The Cu K-edge XANES
pattern for the latter sample closely resembles those of the
corresponding Zn K-edge data (Fig. 4A-c and B-c), strongly suggest-
ing an identical coordination environment for Cu and Zn in
[Zn; 5Cu; sAI(OH)g]3 (CO3)*™ - mH,0. The energy values of postedge
peaks relative to the first intense peak were 16, 44, and 52 eV for
the Cu K-edge, similar to the gaps of 16, 43, and 52 eV for the Zn
K-edge.

The patterns of these experimental spectra were reproduced in
the theoretically generated Zn K-edge spectrum for a complete octa-
hedral model (Fig. 4A-f) and theoretically generated Cu K-edge spec-
trum for a complete octahedral model (Fig. 4B-h and Scheme 1A-v,
ii). The energy values of the Zn K postedge peaks relative to the first
intense peak were 16, 39, and 47 eV in the theoretical spectrum
(Fig. 4A-f) compared to 16, 43, and 52 eV in the corresponding
experimental spectrum (Fig. 4A-b). The energy values of the Cu K
postedge peaks relative to the first intense peak were 14, 39, and
46 eV in the theoretical spectrum (Fig. 4B-h) compared to 16, 44,
and 52 eV in the corresponding experimental spectrum (Fig. 4B-c).
Thus, the Zn and Cu sites in [Zn3Al(OH)g]3(C0O3)*” - mH,0 and
[an'SCul.SAI(OH)g}g(CO3)2’ -mH,0 should show nearly complete
octahedral coordination.

The Zn K-edge XANES spectra for [Zn; «Cu,Ga(OH)gl;
(CO5)*” -mH,0 (x=0,1.5) also consisted of intense peaks at
9671.7-9672.2 eV accompanied by weak, broad peaks at 9688-
9689 eV (Fig. 4A, Spectra d and e), similar to spectra b and c for
[Zn3_,Cu,Al(OH)g]; (CO3)*™ - mH,0 (x=0,1.5). A minor difference
was that weak, broad peaks at 9715 and 9724 eV observed for
[an,xCuxAl(OH)SH(C03)2’ -mH,0 merged into a weak, broad peak
ranging from 9718 to 9720eV for [an,XCuxGa(OH)8]§(C03)2’-
mH,0. The energy position of the experimental three peaks for
[Zns_,Cu,Ga(OH)g )3 (CO3)*™ - mH,0 was reproduced in the theoret-
ically generated Zn K-edge XANES spectrum for a complete octahe-
dral model (Scheme 1A-i; Fig. 4A-g). Note that 30Zn, »9Cu, and 3;Ga
are similar photoelectron backscatters compared to the lighter
element {3AL

The Cu K-edge XANES spectrum for [an_sCul_sGa(OH)SH
(C0O5)* H,0 closely resembled the corresponding Zn K-edge data
(Fig. 4A-e and B-e). The energy values of the postedge peaks rela-
tive to the first intense peak were 17 and 48 eV for the Zn K-edge,
identical to the gaps for the Cu K-edge. The energy position of
the three experimental peaks in the Cu K-edge spectrum e for
[an,5Cu1_5Ga(OH)8]§(CO3)2’ -mH,0 was closely reproduced in the
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Fig. 4. (A) Normalized Zn, (B) Cu, and (C) Ga K-edge XANES spectra for ZnO (A-a), CuO (B-a), [Zr13A1(OH)8]2’(C03)2 -mH;0 (b), [Zn; 5Cu; sAl(OH),]; (CO3)2 -mH,0 (c),
[Zn3Ga(OH)3]2+(C03)2’«mHZO (d), and [Zn;5Cuy 5Ga(0H)8]2+(C03)2’»mH20 (e). Theoretical spectra generated using FEFF 8.4 for ZngsAl;»(OH);, (f), Zns;(OH)7» (g),
CuZnysAli5(0H)7;, (h), CuZnsg(OH)7, (i), and GaZnsg(OH )7, models (j). The central, X-ray absorbing atoms were Zn (f, g), Cu (h, i), and Ga (j).

theoretical Cu K-edge spectra for the complete octahedral model
(Fig. 4B-i). Thus, as in the case of [Zns ,Cu,Al(OH),]3(CO3)*"-
mH,0, the Zn and Cu sites show nearly complete octahedral
coordination.

The Cu K-edge XANES pattern for CuO (Fig. 4B-a) was similar to
those for [Zn1,5Cu1,5Ga(OH)8H(C03)2’ -mH,0 (spectrum e) and the
CuZnsg(OH)7, model (spectrum i). The Cu sites in CuO are coordi-
nated with four equatorial O atoms (average Cu—O distance
0.19521 nm) and two farther axial O atoms (average Cu—O dis-
tance 0.2817 nm). The Cu K-edge XANES pattern could be relatively
insensitive to the variation in Cu—O distances [41].

The GaK-edge XANES spectra for [Zns_,Cu,Ga(OH)g]; (CO3)*™-
mH,0 (x =0, 1.5) are depicted in Fig. 4C-d, e. The intense peak sit-
uated just above the edge (10,380.6 eV) and the three weak, broad
postedge peaks appeared. The energy values of the postedge peaks
relative to the first intense peak were 16-17, 40-41, and 47-48 eV,
somewhat different from the gaps of 17 and 43 eV for the theoret-
ically generated Ga K-edge spectrum for the complete octahedral
model (Fig. 4C-j). A possible explanation for this discrepancy is that
there is a significant distortion of Ga'' site coordination compared
to the nearly complete octahedral ZnOg or CuOg coordination.

3.3. XANES spectra for partially dehydrated and CO»-adsorbed
[Zn3_,Cu,X(OH),); (CO3)?™ - mH,0

When the [an_SCuLSGa(OH)S]Q(CO3)2’ -mH,0 sample was
heated at 383 K for 1 h in vacuum, the intensity of the first post-

edge peak at 9689 eV in the Zn K-edge XANES for a fresh sample
(Fig. 5A-e) decreased to 65% (Fig. 5A-e-383). In fact, the postedge
peak intensity decreased to 58% when the theoretically generated
XANES spectra for Zns;(OH);2-38H,0 model (Scheme 1A-i and
Fig. 5A-k) lost all the structural water (Fig. 5A-g). In contrast, a
clear additional peak was not found in the Fourier transform of
the theoretically generated Zn K-edge EXAFS besides those derived
from the in-plane Zn—O, Zn---Zn (R=0.308nm), Zn.---0
(R=0.37722nm), Zn---Zn (R=0.53347nm), or Zn---Zn pair
(R=0.616 nm) on going from the spectrum for the Zns;(OH);;
model to the one for the Zns;(OH);,-38H,0 model. When
34.3 kPa of CO, was introduced into the 383 K-heated LDH sample,
the postedge peak intensity increased slightly to 72% of the fresh
sample (Fig. 5A-e-C0,-290). When the LDH sample was heated to
423 K in CO,, the peak intensity further increased to 83% of spec-
trum e (spectrum e-CO,-423, Table 2A). Note that the postedge
peak is in the “multiple scattering” region, and the peak intensity
increased in the presence of either water or CO, molecules be-
tween the LDH cationic layers.

A similar in situ trend was observed in the Cu K-edge XANES for
the LDH compound of [Zn1_5Cu1_5Ga(OH)8]§(COg)Z’ -mH,0. The
intensity of the first postedge peak at 9016 eV decreased to 76%
by heating in vacuum at 383 K (Fig. 5B-e — e-383). Upon introduc-
tion of CO,, the peak intensity increased back to 87% of the fresh
sample at 290 K (spectrum e-C0,-290) and 91% of the fresh one
at 423 K (spectrum e-C0,-423, Table 2B).

It should be noted that these semireversible in situ peak
intensity changes in both the Zn and Cu K-edges for
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Fig. 5. Normalized Zn (A, D), Cu (B), and Ga K-edge XANES (C, E) spectra for [Zn;sCu;sGa(OH)g]; (CO;)2 -mH,0 (A-C) and [Zn; Ga(OH)g), (COg)Z -mH,0 (D and E). As-
synthesized (e), sample (e) in vacuum at 383 K (e-383), and sample (e-383) in 34.3 kPa of CO, at 290 K (e-C0,-290) or 423 K (e-C0,-423). Theoretical spectrum using FEFF 8.4
for Zns;(OH)7; (g), CuZnsg(OH)7; (i), GaZnsg(OH)72 (j), Zns7(OH)72-38H,0 (k), CuZnsg(OH)72-38H,0 (1), and GaZnsg(OH)7,-38H,0 (m). The central, X-ray absorbing atoms were

Zn (g, k), Cu (i, 1), and Ga (j, m).
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Table 2
First postedge peak intensity in normalized Zn, Cu, and Ga K-edge XANES spectra.*
Sample As- In In CO,
synthesized vacuum (34.3 kPa)
383K 290K 423K
(A) At Zn K-edge (9688-9689 eV)
[Zn;Ga(OH)SH(CO3)2’ -mH,0 0.19 0.12 0.12 0.12
(64%)  (64%) (63%)
Zn 5CU1.503(0H)312+(C03)27 .mH,0 0.09 0.06 0.06 0.07
(65%)  (72%) (83%)
(B) At Cu K-edge (9016 eV)
[Zﬂl.scul.sca(OH)g];(C03)27 .mH,0 0.08 0.06 0.07 0.08
(76%)  (87%) (91%)
(C) At Ga K-edge (10,397-10,398 eV)
[Zn3Ga(OH) )5 (C0O3)*” - mH,0 0.23 0.16 0.16 0.16
(70%)  (70%) (70%)
[Zn1,5Cu1,5Ga(OH)3]§(CO3)2’ .mH,0 0.29 0.22 0.22 0.24
(76%)  (76%) (84%)

¢ Values in parentheses: peak intensity ratio to the as-synthesized sample.

Table 3

Photocatalytic rates of CO, reduction with H, using LDH and reference photocatalysts.*

[an,5Cu1_5Ga(OH)8]§(C03)2’ -mH,0 were not observed for the
first postedge peak at 9688 eV for [ZnGa(OH)SH(Cog)z’ -mH,0
(Fig. 5D). The peak intensity decreased to 64% of that for the fresh
one in vacuum at 383 K and remained unchanged in CO, at 290-
423 K (Table 2), suggesting specific interaction of Cu sites with
CO, molecules.

The intensity of the first postedge peak of the Ga K-edge XANES
of the fresh [Zn1_5Cu1_5Ga(OH)8]2*(CO3)2’ -mH,0 sample at
10,398 eV decreased to 76% by heating at 383 K (Fig. 5C-e — e-
383). The peak intensity remained the same upon introducing
CO, at 290 K (spectrum e-C0,-290), but it increased again to 84%
of that of the fresh sample at 423 K (spectrum e-C0,-423,
Table 2C). In [anASCulASGa(OH)g]g(C03)2’ -mH,0, the extent of
recovery of the first postedge peak intensity due to the interaction
with CO, was in the following order: Cu sites > Zn sites > Ga sites.
The peak recovery was always enhanced by heating from 290 to
423 K, suggesting activated sorption of CO, between the LDH
layers.

I

Photocatalyst Formation rate (nmol h™! g_1) Quantum yield (ppm)* Conversion Selectivity to CH;0H
(mol%)
CH30H co = CH5;0H co z (%, C-base)
(A) In H; (21.7 kPa)
[anGa(OH)SH(C03)2’ -mH,0 13 30 43 0.01° 30
(1) (¥2) (¥3)
[Zn; 5Cuy 5Ga(OH)gl3 (CO3)%~ - mH,0 42 66 110 0.02° 39
(#3) (+5) (+4)
n CO; (2.3 kPa) + H; (21.7 kPa
(B) In CO, (2.3 kPa) + H, (21.7 kPa)
[anca(OH)SH(COQZ’ -mH,0 51 80 130 2.8 0.83 3.6 0.02 39
(+4) (+6) (+4)
[Zn1,5Cu],5Ga(OH)S]2*(C03)2’ -mH,0 170 79 250 1.5 0.19 1.7 0.03 68
(x14) (6 (+4)
[Zn;Al(OH)SH(CO3)Z’ -mH,0 39 620 660 0.16 5.9
(£3) (%6) (0.5)
[Zn; 5Cuy 5/-\1(0H)8]§(C03)27 -mH,0 130 370 500 0.11 26
(x10) (x4) (£2)
(201 5Cuy sAI(OH)g]; (CO3)° - mH,0° 200 580 780 016 26
(£16) (£6) (£2)
Cu—Zn0*? <2 30 30 0.006 <7
(¥2)
Gay05° <2 47 47 0.01 <4
(¥3)

Il

Photocatalyst Formation rate per specific surface area Formation rate per amount of Cu
(nmolh™'m~2) (nmol h™! mmolg,)
CH5;0H co = CH;0H co =
(A) In Hy (21.7 kPa)
[Zn3Ga(OH)8]§(CO3)Z’ -mH,0 0.19 0.43 0.62 - - -
[Zn; 5Cuy 5Ga(OH)8]2*(C03)2’ -mH,0 0.74 1.2 1.9 13 20 34
(B) In CO, (2.3 kPa) + H, (21.7 kPa)
[Zn3Ga(OH)g); (CO3)*~ - mH,0 0.73 11 19 - - -
[Zn1,5Cu1,5Ga(OH)8]2+(CO3)2’ -mH,0 3.0 14 44 53 25 78
Zn;Al(OH)g]3 (CO3)* - mH,0 0.68 1 12 - - -
[Zny 5CU1.5A1(0H)3]§(C03)27 .mH,0 34 9.7 13 37 100 140
[an.Scul,SAl(OH)s]z(CO3>27 - mH,0°¢ 53 15 21 56 160 220
Cu—Zn0¢ <0.05 0.73 0.73 <0.30 4.5 4.5
Ga,05° <1 23 23 - - -

2 The catalyst amount was 100 mg. Values in parentheses are experimental errors for evaluation.
b Calculated on the basis of molar amount of interlayer carbonate ions converted to methanol and CO.
¢ The photon flux illuminated using Model SX-UID502XAM was 2.5 times greater than other photocatalytic tests using Model UI-502Q in the comparison of the whole

wavelength region.

4 The Cu—ZnO catalyst was prepared via the reported inverse precipitation method starting from copper and zinc nitrates (atomic ratio Cu:Zn = 54:46) with NaHCO3 [27].
¢ Commercial sample (Kanto Chemical, 99.0%). The major crystalline phase was a-Ga,0s.
! Transmitted light intensity (Fig. S3) was subtracted from the incident light intensity for the evaluation.
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Similarly to the first postedge in the Zn K-edge for
[anGa(OH)B]g(CO3)2’ -mH,0, the intensity of the first postedge
peak in the GaK-edge spectrum decreased to 70% of the fresh
one and remained the same in CO, at 290-423 K (Fig. 5E and
Table 2C, A), suggesting poor interaction of the Zn/Ga sites with
CO, molecules.

3.4. Photocatalytic reduction rates of CO,

First, the reactivity of the interlayer carbonate ions of LDHs was
tested in 21.7 kPa of H, for [an,XCuXGa(OH)SH(C03)2’ -mH,0
(x=0,1.5) (Table 3I-A and Fig. 6A and B). Methanol was detected
as a byproduct using both catalysts under UV-visible light in addi-
tion to the major product of CO (70-61 mol%). The conversion of
carbonate ions into methanol + CO was 0.01-0.02%.

The photocatalysis of [Zn;Ga(OH)g]; (CO3)>™ - mH,0 was tested
in 2.3 kPa of CO, + 21.7 kPa of H, under illumination by UV-visible
light (Fig. 6C). The major product was CO (selectivity 61 mol%), and
methanol was also formed. The catalyst was compared to
[Zn1_5Cu1_sGa(OH)8]§(CO3)2’ -mH,0 (Fig. 6D). The formation rate
of CO was essentially identical (79 nmol h'g_}), whereas that of
methanol increased (170 nmol h’lgg;t) by a factor of 3.3 for
[Zn1,5Cu1_5Ga(OH)8]2(CO;)Z’ -mH,0. The methanol selectivity was
improved to 68 mol% (Table 3I-B).

Next, the [Zn;Al(OH)g)Z(CO3)* -mH,0 catalyst was tested
(Fig. 6E) in comparison to the [anGa(OH)s]j(Cog)z’ -mH,0 catalyst
(Fig. 6C). Total product formation rate was enhanced by a factor of
5.1 of [ZnsGa(OH),]; (CO3)*™ - mH,0 by the substitution of Ga for
Al. The major product was CO (selectivity 94 mol%). Then the
[Zn1‘5Cu1‘5Al(OH)8]2*(CO3)2’ -mH,O0 catalyst (Fig. 6F) was compared
to the [Zn;Al(OH)g];(CO3)*” - mH,0 catalyst. The total product
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Fig. 6. Time course of photoreactions in only H, alone (21.7 kPa; A, B) and in CO,
(2.3 kPa) + H, (21.7 kPa) (C-F, BL-1, BL-2). One hundred milligrams of the LDH
catalyst was charged except for the blank test BL-1 (empty reactor):
[Zn;Ga(OH)g); (CO3)* -mH,0 (A, C), [Zn;5Cu;5Ga(OH)gl; (CO3)* -mH,0 (B, D),
[Zns Al(OH)g]; (CO3)*™ - mH,0 (E), and [Zn; 5Cu; sAl(OH)g]; (CO3)*~ - mH,0 (F, BL-2).
The reactor was illuminated with a 500-W Xe arc lamp except for blank test BL-2
(reactor in darkness). CO, (#; diamond), H,0 (a; triangle), CH;0H (M; square), and
CO (@; circle).

formation rate decreased by 24%. Similarly to the Cu substitution
into [anGa(OH)s]g(COQZ’ -mH,0, the methanol formation rate
was promoted by a factor of 3.3 of [Zn;Al(OH),J (CO3)*™ - mH,O0.
The conversion using [Zn1_5Cu1_5Al(OH)8]§(COg)z’ -mH,0 was im-
proved by increasing the light intensity of Model UI-502Q (0.11%)
to 2.5 times using Model SX-UID502XAM (0.16%, Table 3I-B) in the
comparison of the whole wavelength region.

The formation rates per specific surface area of catalyst and
those per amount of Cu are also summarized in Table 3II. Espe-
cially, a concern that 500-W high-intensity light may lead to a local
high temperature for the catalyst can be estimated based on the
formation rates per amount of Cu, although the catalyst tempera-
ture was monitored to be 305-313 K (Fig. S2). Conventional
Cu—ZnO catalyst was quite inactive per amount of Cu and formed
only CO. The Cu sites in LDH are Cu", which is normally considered
to be inactive for thermal methanol synthesis [27]. Further,
LDHs that do not contain Cu ([Zn3Ga(OH)8]§(C03)2’ -mH;0,
[Zn3Al(OH)4]7 (CO3)*™ - mH,0) did produce methanol (Table 3I-B).
Thus, the catalysis listed in Table 3 should be photocatalytic below
313K

The formation rates of water were between 0.5 and
2.0 pmol h’lgg;t in the kinetic tests (Fig. 6C-F). These rates exceed
the amount of water that was catalytically formed as the products
of the following equations:

CO, +H; — CO+H,0

CO, + 3H; — CH30H + H,0.

This discrepancy is due to the desorption of interlayer water mole-
cules of LDHs [15-19].

A control reaction experiment was performed using
[Zn1_5Cu1_5A1(OH)8];(CO3)2’-mHZO in the absence of light
(Fig. 6BL-2). Another control experiment included a reaction
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Fig. 7. Time course of photoreactions in CO, (2.6 kPa) only in first 3 h and in CO,
(2.6 kPa) + H, (21.7 kPa) after 3 h from the start of the reactions for 100 mg of
[Zn; 5Cuy 5Ga(OH)S]§(C03)2’ -mH,O0. Other reaction conditions and legends are the
same as those for Fig. 6.

Table 4
Comparison of photoconversion of gases over [Zn1,5Cu1,sGa(OH)8]§(C03)2’ -mH,0%

Condition Formation rate
(nmol h™" g2l
CH50H Cco
In methanol (1.7 Pa), no light - <2
In methanol (1.7 Pa), under light” -26 26
In methanol (1.7 Pa) + H, (21.7 kPa), no light - <2
In methanol (1.7 Pa) + H, (21.7 kPa), under light® 24 82
In H, (21.7 kPa), under light® 42 66

¢ The catalyst amount was 100 mg.
b Photocatalytic tests using Model UI-502Q.
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reaction conditions and legends are the same as those for Fig. 6. (Inset) Action spectrum of product formation rates vs wavelength.

without any catalyst under the illumination of UV-visible light
(reactor only, Fig. 6BL-1). In both experiments, methanol and CO
were not found.

To ensure methanol formation starting from gaseous CO, and
H,, the products were monitored when [Zn1_5Cu1_5Ga(OH)8}2+
(C03)2’ -mH,0 was in 2.6 kPa of CO, for the first 3 h under UV-
visible light and then 21.7 kPa of H, was added for the next 3 h,
keeping the UV-visible light on (Fig. 7). Methanol was not ob-
served during the first 3 h; however, upon the addition of H, gas,
methanol formation started at a rate of 160 nmol h™'g_! over the
next 3 h. The formation rate was similar to that observed in
Fig. 6D. The methanol formation rate was only 42 nmol h™'g}
for the reaction of interlayer carbonate with gaseous H,
(Table 3A). Thus, methanol was formed predominantly starting
from gaseous CO, + H, using [an_SCul_sGa(OH)SH(C03)2’ -mH;0.

The stability of 1.7 Pa (0.13 pmol) of methanol was checked
over [Zn1_5Cu1_5Ga(OH)8]§(C03)2’ -mH,0 in the presence/absence
of light and with/without H,. Methanol was stable in the absence
of light both with and without H,, and no CO desorption
was observed (Table 4). Instead, methanol adsorbed on
[Zn; 5Cu; 5Ga(OH)g); (CO3)*™ -mH,0 at a rate of (more than)
510 nmol h™'g_! within 1 h.

Next, when the catalyst was under UV-visible light without Ho,
most of adsorbed methanol desorbed within 15 min. The formation
rate of CO was 26 nmol h™' g}, starting from methanol. When the
catalyst was under UV-visible light with H,, most of the adsorbed
methanol desorbed within 15 min again. The formation rate of CO
was 82 nmol h™' g_! starting from both methanol and the inter-
layer carbonate of LDH. The methanol amount increased at
24 nmol h™' g1 due to the balance of formation starting from car-
bonate of LDH reacted with H, (42 nmol h™' g_]l under a similar
photoreaction condition, Table 3A) and photodecomposition to
CO (Table 4).

3.5. Dependence of photocatalytic reduction of CO, on light
wavelength and catalyst durability

The dependence of rates of methanol and CO formation from
CO,+H, gases on light wavelength was investigated for
[Zn3Ga(OH),J3 (COs)* -mH,0 and  [Zn; 5Cu; 5Ga(OH)g)3 (CO5)* -
mH,0 photocatalysts using several sharp cutoff filters (Fig. 8).

Methanol formation using [Zn;Ga(OH)s]g(Cog)z’AmHZO de-
creased sharply as the cutoff wavelength increased to 320 nm

(Fig. 8A) in accordance with the UV absorption edge, which can
be extrapolated to 222 nm (Fig. 3A-c). In addition, the CO forma-
tion rate dropped as the cutoff wavelength increased; however, a
significant rate of formation (32 nmol h™* g-1) was observed when
the cutoff wavelength was 370 nm. This trend may originate from
the UV absorption peak between 260 and 375 nm at the foot of the
main absorption edge for [Zn;Ga(OH)g]3 (C0O3)*™ - mH,0 (Fig. 3A, in-
set ¢). The additional UV light absorption could be related to the
surface sites of LDH to transform CO, to CO. When the cutoff wave-
length was 420nm, products were not detected using
[ZnsGa(OH),]3 (CO3)*™ - mH,0.

[Zn1_5Cu1_5Ga(OH)8]§(C03)2’ -mH,0 was photocatalytically ac-
tive when the cutoff wavelength was less than 370 nm, but the
activity decreased to zero when the cutoff wavelength was
420nm (methanol formation) or 480nm (CO formation)
(Fig. 8B). This dependence is principally in accord with the UV-vis-
ible absorption edge, which can be extrapolated to 354 nm, but
slower CO formation when the cutoff wavelength was 420 nm
could be ascribed to a shoulder peak at the foot of the UV absorp-
tion edge and/or small visible light absorption between 400 and
480 nm (Fig. 3A-d). These trends are also clear in the action spectra
as insets of Fig. 8A and B. Major product formation corresponded to
wavelengths less than 320 nm for [ZnsGa(OH),]3 (CO3)*™ - mH,0,
whereas both methanol and CO formation corresponded to wave-
lengths centered at 390 nm for [Zn;5Cu; 5 Ga(OH)SH(Cog,)Z’ -mH,O0.
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Fig. 9. Time course of photoreactions in CO, (2.3 kPa) + H, (21.7 kPa) for 100 mg of
[Zn; 5Cuy sca(OH)s];(cogZ* -mH,O0 for 20 h. Other reaction conditions and legends
are the same as those for Fig. 6.
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Finally, the durability of the [Zn],5Cu1_5Ga(OH)8]2*(COg)z’ -mH,0
catalyst was tested for 20 h. The photocatalyst exhibited the best
selectivity to methanol (68 mol%) in 5 h (Table 3B and Fig. 6D).
In the 20-h test, methanol formation continued and the selectivity
was 68-57 mol% (Fig. 9). In every 5 h, the methanol formation rate
gradually decreased, starting from 79, to 57, 30, and then
19 nmol h™' gZ1, whereas the CO formation rate remained constant
(36 nmol h™' gZ1) for 20 h. Throughout the 20-h test, no other
products were found except for methanol, CO, and water.

4. Discussion
4.1. Catalyst syntheses and photocatalysis

LDH compounds were synthesized with chemical compositions
[Zns3_«Cu,M" (OH)g]} (CO3)*” - mH,0, where M was Al or Ga and the
x value was 0-1.5. The synthesis of the LDH structure was con-
firmed on the basis of the XRD spectra (Fig. 1a-c). The divalent
Cu was successfully incorporated into the octahedral sites in the
cationic layers with a maximum Cu:Zn atomic ratio of 1:1, as con-
firmed by Cu and Zn K-edge XANES spectra (Fig. 4A and B). The
incorporation of Cu with a maximum Cu:Zn atomic ratio of 7:3
was reported for [Zn;,XCuxAl"I(OH)8]2+(C03)2’ -mH,0 [27]. In the
case where M was Ga and the x value was 1.5, the diffraction peaks
derived from the impurity phase(s) were observed in the XRD
spectrum at 26g=27.9°, 30.3°, 35.7°, 57.3°, and 62.9° (Fig. 1d).
The Sger value of [Zn;Ga"™ (OH)g]3 (CO3)*™ - mH,0 was slightly high-
er (70m?g') than that of [ZnsAl"(OH)g];(COs)* -mH,0
(57 m?g~'; Table 1). The Sger value decreased by 19-34% when
equimolar amounts of Cu and Zn metal were included in the LDHs
and when M was either Al or Ga. The coagulated flat flakes smaller
than 100 nm in the SEM images were suggested to be stacked lay-
ers of [Zn;Al(OH),3 (CO3)*™ - mH,0 (Fig. 2).

Synthesized LDHs formulated as [Zns_,CuyM" (OH)]3 (CO3)*"-
mH,0 were applied to the photocatalytic reduction of CO, (Table 3
and Fig. 6). First, the conversion of interlayer carbonate ions of
[Zns_,Cu,Ga(OH)g); (CO3)*™ - mH,0 (x=0,1.5) was tested in the
presence of H, gas. Methanol formation was confirmed at rates of
13—42 nmol h™'g_} and the total conversion of carbonate to meth-
anol + CO was 0.01-0.02% (Table 3A). The CO, formation derived
from the carbonate ions was of the same or a slightly higher order
than the formation of methanol and CO (Fig. 6A and B). Because
the interlayer carbonate ions balance the charge with the
[Zn;_,Cu,Ga(OH)g]" cation layers, it could be difficult to convert
and remove carbonate ions from the interlayer space if an extra car-
bonate source or alternative anion source were not provided.

Photocatalytic methanol formation tests were performed in
the presence of CO, and H, gases using several LDH samples in
comparison to a conventional Cu—ZnO catalyst and Ga,0s, which
have primarily an a-crystalline phase (Table 3B). This is the first
report to synthesize methanol starting from CO, and H,
using photocatalysts under only UV-visible light. When
[Zn3,xCuxAl(OH)8]§(CO3)2’ -mH,0 (x =0, 1.5) catalysts were used,
CO (selectivity 94-74 mol%) was a major product. In this study,
exclusive CO photoformation was reported using Rh/TiO, [29],
Zr0, [30,31], MgO [32], and Ga,03 [33], and was observed using
Cu—ZnO or Ga,0s3 (Table 3B). Among the LDH samples tested in
this study, [an,XCuXAl(OH)8]§(C03)2’~mH20 catalysts were the
most active. The conversions (0.16-0.11%) were an order of mag-
nitude greater than those obtained using references Cu—ZnO and
Ga,03 (0.01-0.006%). The formation of methanol + CO was accel-
erated by increasing the light intensity (500 nmol h™' glyto 2.5
times (780 nmol h™ g_1) for [Zn;sCuysAl(OH)g],(CO3)*" - mH,0
in the comparison of the whole wavelength region. Methanol
was the major product when the [an,sCul,sGa(OH)s}z(COg)Z’»

mH,0 photocatalyst was used (selectivity 68 mol%; Table 3I-B).
Photocatalytic conversion of CO, into methanol in aqueous solu-
tion was reported using Co-phthalocyanine/TiO, [11] and Nd**/
TiO, [12]. The maximum formation rates of methanol were 9.3
and 23 pmol h™' g1, respectively, in addition to a higher forma-
tion rate of formic acid using CoPc/TiO, (150 pmol h' g.1). The
disadvantage of LDH catalysts for slower photoconversion of
CO, using hydrogen in this study may be due to slow gas diffu-
sion in the interlayer space compared to the cases in these
references.

The dependence of the photocatalytic methanol formation rate
on the light wavelength (Fig. 8) was compared to the UV-visible
absorption spectra for [Zns;Ga(OH)g),(COs)*” - mH,0 (Fig. 3A-c
and A-d). The higher limit of the wavelength used to form metha-
nol was between 370 and 420 nm for [Zn1,5Cu1,SGa(OH)8]§(C03)2’-
mH,O0 (Fig. 8B), in accordance with the UV absorption edge extrap-
olated to 354 nm or the foot (400 nm) of a smaller shoulder on the
absorption edge (Fig. 3A-d). The higher limit of wavelengths at
which methanol formed was less than 320nm for
[ZnsGa(OH), )7 (CO3)*™ - mH,0 (Fig. 8A), in accordance with the
UV absorption edge extrapolated to 222 nm (Fig. 3A-c). The CO
formation rates also decreased as the cutoff wavelength increased;
however, the trend was less steep than for methanol, and thus,
the CO selectivity was 100 mol% when the cutoff wavelength
was 370nm  ([Zn3Ga(OH)g]3(CO3)*™ -mH,0) and 420 nm
([Zn1_5Cu1_5Ga(0H)8]§(C03)2’ -mH,0) (Fig. 8). These minor differ-
ences probably occur because the UV-visible absorption is the
electronic transition to the energy level slightly below the bottom
of the conduction band and this level was derived from the surface
sites selective for transforming CO, into CO.

The action spectra in the insets of Fig. 8A and B were compared
to the light intensity distribution for Model UI-502Q obtained
using a USR40 spectroradiometer (Ushio). Compared to the light
intensity peak centered at 380 nm (not shown), the quantum yield
for methanol formation using [Zn1_5Cu1_5Ga(OH)8H(CO;)Z’ -mH,0
was evaluated at 1.5 ppm (Table 3I-B). The quantum yield for all
products was 1.7 ppm. On the other hand, the action spectrum
for [Zn; Ga(OH)g]; (CO3)*™ - mH,0 (Fig. 8A, inset) was compared
to the light intensity peak centered at 315 nm. The quantum yields
for methanol and CO were 2.8 and 0.83 ppm, respectively
(Table 3I-B). As the bandgap of LDHs that do not contain Cu was
wider (5.6-5.7 eV), they would utilize UV light only between 200
and 220 nm (Fig. 3A).

The methanol formation and minor CO formation using the
[Zn1_5Cu1_5Ga(OH)8]2+(COg)Z’ -mH,0 photocatalyst was confirmed
for as long as 20 h (Fig. 9), suggesting the suitability of the photo-
catalysts to capturing CO, and converting it to fuel under continu-
ous natural light. The gradual decrease of the methanol formation
rate may be affected by the readsorption of product methanol in
contrast to the constant formation rate for CO, because product
CO readsorption on [Zn;sCu;sGa(OH)g), (C03)2' -mH,0 catalyst
should be weaker.

For [Zn1_5Cu1_5Ga(OH)8]2+(COg)Z’ -mH,0 under UV-visible light,
the methanol formation rates increased from 42 nmol h™' gZ! in
H, to 170 nmol h™' gt in CO, + H, (Table 3). The presence of car-
bonate is possibly the key to methanol photosynthesis; however,
gaseous CO, promoted the formation rates by a factor of 4.0. On
the other hand, the catalyst under UV-visible light produced no
product in CO, and the photocatalysis required the addition of
H, to the system (Fig. 7). No methanol was detected after the cat-
alyst was suspended in deionized water under UV-visible light for
5 h (see the Supporting materials). Furthermore, no impurity that
contained carbon was included in the reagents used throughout
the LDH syntheses, except for sodium carbonate. Therefore, the
source of methanol was gaseous CO, and interlayer carbonates.
The photoconversion of carbonates to methanol was favorable in
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the presence of gaseous CO, and it most likely compensated for the
interlayer anions.

4.2. Spectroscopic insight and reaction mechanism of photocatalysis

The specific photocatalysis thus found to form methanol from
CO, were correlated with the desorption trend of interlayer mole-
cules (water and/or carbonates) and the adsorption of the sub-
strate. The LDH structure is ultimately simple from the viewpoint
of heterogeneous catalysis because all the surface sites are hydroxy
groups bound to [MOg] octahedra and the type of metal elements
(Zn, Cu, Ga, or Al) is the only difference (Scheme 1A). The presence
or absence of interlayer molecules was difficult to monitor using
EXAFS. However, the first postedge peak (9688-9689 eV at the
Zn K-edge, 9016 eV at the Cu K-edge, and 10,397-10,398 eV at
the Ga K-edge) was found to be a critical indicator of the presence
or absence of these molecules (Fig. 5).

For the LDH compound [Zn;sCu;sGa(OH)gl3(CO3)*™ - mH,0,
which was the most methanol-selective, the intensity of the first
postedge peak at the Zn K-edge decreased to 65% of that for the
fresh one in vacuum at 383 K due to the loss of structural water
molecules and/or carbonates. The Zn K postedge peak intensity de-
creased similarly for Cu-free [Zn;Ga(OH)g]; (CO3)*™ - mH,0 to 64%
of that for the fresh one. The peak intensity increased to 83% in
CO, at 423 K in the former Cu-containing LDH, whereas the peak
remained unchanged for the latter Cu-free LDH in CO, at 290-
423 K.

The desorption-adsorption trend monitored at the Zn K-edge
for [Zn1_5Cu1‘5Ga(OH)8]§(CO3)2’ -mH,0 was also evident in both
the Cu and the GaK-edge spectra. The recovery extent (=peak
increase due to CO, sorption/peak decrease caused by the loss of
water and carbonates) of the first postedge peak intensity in the
normalized XANES spectra was of the following order: Cu sites
(63%) > Zn sites (51%) > Ga sites (11%). In contrast, the first Ga K
postedge peak remained unchanged for Cu-free [Zn;Ga(OH)gl;
(C0O5)*~ - mH,0 in CO, gas at 290-423 K.

More importantly, the methanol formation rate was enhanced
by a factor of 3.3 by adding Cu to [anGa(OH)g];(Cog)Z’ -mH,0
(Table 3B). The Cu site should play the photocatalytic role by bind-
ing CO, and coupling it with protons and photogenerated elec-
trons, presumably utilizing a Cu' and Cu" redox couple. This
binding between CO, and Cu in turn affects the multiple scattering
region of Zn and Ga sites as well, because interlayer hydroxy
groups shared by Cu and Zn (Scheme 2a, M =Zn) and by Cu and
Ga (Scheme 2a, M = Ga) inserted CO, to form hydrogen carbonate
(Schemes 2b and 1B). The steps b — ¢ — d in Scheme 2 should be

promoted utilizing the Cu' and Cu" redox couple. Further reduction
stepse — f,f —» g, g —» h,and h — a should be also coupled with the
Cu! and Cu" redox to finally produce methanol. If the species e is
dehydrated, another catalytic cycle can be proposed to regenerate
species a. A clear explanation cannot be given at the moment for
why methanol and CO were exclusively obtained in the catalytic
cycles of Scheme 2. Formic acid and formaldehyde may be unstable
and/or insensitive by the gas-phase sampling of heterogeneous
catalysis using GC.

The role of the Cu' sites supported on TiO, in the CO, photore-
duction in alkaline aqueous solution under the UV light was sug-
gested [48]. The formation of carbonate species over a MgO
catalyst was proposed, but the previous studies suggested it to
be inactive or to only lead to CO formation in H, gas [32]. The dis-
crepancy between these previous studies and this study should be
due to the presence or absence of Cu sites.

Photocatalytic activity of [an,xCuxAl(OH)SH(COg)z’ -mH,0
was greater than that of [Zn3,xCuXGa(OH)8}2*(C03)2’ -mH,0. The
exact photocatalytic role of M™ sites is not known at present.
One of the possibilities is the 50-nm difference of the UV light
absorption edge between M"'=Ga and Al (Fig. 3A-d and A-b).
The peaks of product formation rates in the action spectrum for
[Zn; 5Cu; sGa(OH)g)3 (CO3)*™ - mH,0 centered at 390 nm (Fig. 8B,
inset) were fairly close to the light intensity peak from the Xe arc
lamp centered at 380 nm. The wavelength shift of 50 nm toward
the higher energy side for [Zn1_5Cu1_5A1(OH)8]§(C03)2’ -mH,0
may be serious because intense light centered at 380 nm did not
contribute to the charge separation for the catalyst. A decrease in
basicity from substituting an Al site for Ga in the layered structure
was reported [49]. The affinity of Ga sites in LDHs with CO, was
suggested [26].

The photocatalytic energetic is depicted in Scheme 3. The band-
gap values (5.7-4.1 eV) estimated for [Zn;Al(OH),]; (CO3)*”-mH; O
and [Zn1_5Cu1_5A1(OH)8}2(CO3)2’ -mH,0 were greater than that for
ZnO, enabling CO, photoreduction at relatively higher potentials
to form methanol at —0.32 V and to form CO at —0.11 V by supplying
photoexcited electrons to CO, in the conduction band. On the other
hand, photogenerated holes in the valence band were neutralized
with electrons formed during H, oxidation (0 V). This trend and elec-
tron flow are also evident for [Zns_,Cu,Ga(OH)g]; (CO3)*” -mH,0
(bandgap values estimated as 5.6-3.5 eV; Table 1B). The selectivity
to produce methanol vs CO formation increased by adding Cu to
[ZnsM" (OH),]3 (CO3)*”-mH,0 (M = Al, Ga; Table 3). The bandgap
became narrower with the addition of Cu; however, the potential
for the methanol formation step (CO, + 6H* + 6e~ — CH30H + H,0)
[2]was 0.21 V higher than that for the CO formation step (Scheme 3).

M = Zn, Ga hydrogencarbonate
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Scheme 2. Proposed photocatalytic catalytic cycle of CO, reduction to methanol or CO over Zn—Cu—Ga LDH catalysts.
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Scheme 3. Energy levels at the bandgap for ZnO, [Zn;sCuy 5AI(OH)8]2*(C03)2’ -mH,0,

reduction to methanol/CO and H, oxidation to protons.

Thus, the selectivity of CO, photoreduction was not controlled by the
energetics of reaction steps in the viewpoint of electron flow
[36,45,50-52], but the adsorption of CO, and the stability of the re-
duced species, as probed by Zn, Cu, and Ga K-edge XANES spectra
(Fig. 5), should be critical.

5. Conclusions

LDH compounds formulated as [Zns;_,Cu,M" (OH),]}(CO3)*-
mH; O, where x was within the range 0-1.5 and M was AI" or Ga™,
were synthesized and an ordered layer structure consisting of octa-
hedral Zn, Cu, Al, and/or Ga sites was confirmed. Under UV-visible
light illumination, these LDH compounds synthesized methanol
starting from CO,+H, for the first time. [Zn;Al(OH)J3 (CO3)*"-
mH,0 was the most active, producing CO with 94 mol% selectivity
(0.16% conversion). [Zn1_5Cu1_sGa(OH)8]§(C03)2’ -mH,0 was the
most selective for producing methanol (68 mol%) at 0.03% conver-
sion. The photocatalytic rates can be enhanced 45% by increasing
the light intensity by 2.5 times in the comparison of the whole
wavelength region. Catalytic methanol formation was confirmed
on the basis of blank tests performed in the absence of a catalyst
under UV-visible light, in the absence of any light with a catalyst,
in H, or CO, gas with a catalyst under UV-visible light, dependence
on cutoff wavelength, and suspended catalyst in deionized water
under UV-visible light. The inclusion of Cu sites in the LDH layers
improved the methanol selectivity. The bandgap (3.5-5.7 eV) was
wide enough to proceed with the reaction steps CO, +6H"+
6e- — CH3;0H +H,0 and CO, +2H' +2e~ — CO+H,0 at rela-
tively negative reaction potentials. The key factor for determining
the selectivity to methanol vs CO was suggested to be the binding
of CO, at the Cu sites as hydrogen carbonate species
Cu—O(—Zn)—C(OH)=0 and Cu—O(—Ga)—C(OH)=0, as demon-
strated in the X-ray absorption spectra.

Supporting text to verify photocatalytic methanol formation de-
rived from CO,: Fig. S1 depicts the photocatalytic reactor used in
this study, Fig. S2 monitors the temperature of the reaction cell

and [Zn3Al(OH),; (CO3)* - mH,0 vs the reaction potentials for each step of CO,

during the photocatalysis, and Fig. S3 evaluates the transmitted
light intensity through catalyst layer in the reactor.
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