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1. Introduction

In contrast to irreversible fossil fuel consumption as
fuels and resources, CO, reduction into fuels and/or
valuable chemicals using a sustainable energy source
completes a new carbon-neutral cycle [1,2].
Photocatalytic CO, reduction has the advantage of being
direct and simple; however, the products have been
limited to CO, CH4, and CH;OH, in contrast to the
electrochemical production of formate, C,Hs, C,Ha,
CH;CHO, C,HsOH, C;Hg, CsHg, CsH,OH, acetate, and
oxalate from CO, and/or CO owing to the concentrated
electrons supplied from electricity. The photocatalytically
formed C, and C; hydrocarbons (HCs) from CO, have
recently been economically viable key chemicals (0.9—8
$ kg ") compared to CO and CH, (0.06-0.18 $ kg™") [3].
This study reports the EXAFS analysis for the switchover
of photocatalytic pathways from CO, to C, paraffins
versus from CO to selective C,H, and Cs;Hs, using a Co’—
ZrO; catalyst.

2. Experimental section

Cobalt K-edge XAFS spectra were measured in the
transmission mode at the Photon Factory, High Energy
Accelerator Research Organization (Tsukuba, Japan)
using a Si(1 1 1) monochromator, a Pt-coated mirror, and
a piezo transducer [4,5]. The Co—ZrO, samples were
treated in quartz U-tube and transferred to Pyrex cell
filled with reaction gases, which was equipped with a
Kapton film (Dupont, Wilmington, DE, USA; 50 pum
thick) on one side for X-ray transmission and a
polyethene terephthalate film (Toyobo, Japan, G2, 50 pm
thick) on the other side for both UV—visible light and X-
ray transmission. The distance between the fiber light exit
of the Y-shaped quartz light guide and the photocatalyst
was 20 mm.

The obtained Co K-edge XAFS data were analyzed
using the XDAP software package [6]. The pre-edge
background was approximated with a modified Victoreen
function, C»/E* + C//E + C,, where E is the photon energy
and Gy, C,, and C, are constants. Multiple-shell curve-fit
analyses were performed with the data obtained on the
EXAFS using the empirical amplitude extracted from the
EXAFS data for the Co metal foil (10 um thick). The
interatomic distance (R) and coordination number (N)
values for the Co—Co and Co-O interatomic pairs were
set to 0.2502 nm and 12 [7] and 0.2131 nm and 6 [8],
respectively.

The temperature dependence of the Debye—Waller
factor (0) was calculated for the bulk site and surface site
of Co metal (Figure 1) using the correlated Debye model
with the ab initio multiple-scattering calculation code,
FEFFS [9], and bulk and surface Debye temperatures.
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Figure 1. Correlation between the Debye—Waller factor (o) and
temperature for (a) bulk sites (circle, O) and (b) surface sites
(vertical motion; square, [ 1) in/on the Co metal generated using
the correlated Debye model with a FEFF8 code [9].

3. Results and Discussion

The o value was calculated based on the correlated
Debye model for bulk and surface Co sites (vertical
motion versus surface) and the Debye temperature for
bulk Opeuk (445 K [10]) and surface Opsurface,:) for the
vertical motion of freedom (211 K [11]). We
approximated the mean Co nanoparticle temperature (7)
as the arithmetic mean value based on Opsurface, 1) Weighted
using 1/2-1/3 D for vertical translational motion at a free
hemisphere surface and Opguy Wweighted using
(1-D)+(1/2)D+(1/2-2/3)D for the bulk site, nonfree
hemisphere in contact with ZrO,, and horizontal
translational motion at a free hemisphere surface.

Tnanopanicle = TSurface,l x 1/6 D + Touk X (1_1/6 D) (1)

The o value for samples (Osumpie) Was calculated using
eq. 2, taking the contribution of structural disorder
(0udisoraer) and the difference of the Ogmpe Value from the Co
metal foil (oxpap) into account.

Osamp162 = 0co metal, correlated Debye2 + A(Gdisorderz) +A(OXDAP2)

At 296 Ks Usample and OCo metal, correlated Debye Values were
0.007 (28) and 0.007 (05) nm, respectively, for the
nanoparticle model above based on the correlated Debye
model (Figure 1) and eq. 1. The oxpar value was given as
0.001 (00) nm. Thus, Ogisoraer Was evaluated as 0.001 (82)
nm.

The time course of Fourier transform, ¢ value, and Co®
site temperature under CO (2.3 kPa), H, (2.3 kPa), Co
(7.5 wt %)-7ZrO, reduced under H, at 973 K, and UV-
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visible light (Figure 2) behaved very similarly to the
report last year under CO, (2.3 kPa), H, (2.3 kPa), Co (7.5
wt %)—Zr0O, reduced under H, at 973 K, and UV-visible
light [12], irrelevant to reactants [3]. Thus, the
temperature change was concluded mostly owing to light
energy.
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Figure 2. Time course of Debye—Waller factor based on the Co
K-edge EXAFS analysis and the evaluated temperature of Co
nanoparticles in Co (7.5 wt %)-ZrO: reduced under H; at 973 K
using CO (23 kPa), H> (2.3 kPa), and UV-visible light
irradiation based on correlated Debye model.
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