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Real-time Co(i)/Co(i) redox state transitions of cobalt complex
electron mediators during aqueous Z-scheme CO, reduction with
oxide and sulfide photocatalysts were directly observed by oper-
ando X-ray absorption spectroscopy. This approach provides a
general framework for advancing mechanistic understanding of
ionic redox mediator-driven artificial photosynthesis.

Photocatalytic CO, reduction under ambient temperature and
pressure using solar energy and water as raw materials—com-
monly referred to as artificial photosynthesis—is considered a key
technology for achieving a carbon-neutral society in the future. To
utilize visible light and water, a Z-scheme mechanism (a two-step
photoexcitation) employing two different semiconductor photo-
catalysts for CO, reduction and H,O oxidation is required, similar
to natural photosynthesis. This system requires an electron trans-
fer pathway to connect the two half-reactions, categorized into
(i) ionic solution-mediated Z-schemes and (ii) heterogeneous
Z-schemes employing solid electron mediators or direct coupling
of semiconductor photocatalysts."

Ionic solution-mediated Z-scheme systems (type i) have been
developed with a variety of redox mediators and photocatalyst
combinations, where the mediator plays a crucial role in deter-
mining the efficiency and selectivity of CO, reduction. Among
these, systems employing water-soluble ionic cobalt(u) complex
redox mediators with ligands such as terpyridine (tpy) or bipyr-
idine (bpy) have achieved highly selective CO, reduction.>® By
changing the ligand structure, the redox potential of the Cof(u)/
Co(m) couple can be precisely tuned to lie between the conduc-
tion band minimum of the water oxidation photocatalyst and the
valence band maximum of the CO, reduction photocatalyst,
thereby promoting more efficient electron transfer.
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Direct observation of an ionic cobalt complex
electron mediator via operando X-ray absorption
spectroscopy in photocatalytic Z-scheme CO,
reduction with (CuGa)g 3Zn; 4S, and BiVO,
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We demonstrated a Z-scheme CO, reduction system comprising
a divalent [Co(4,4'-dimethyl-2,2/-bipyridine);]** (hereafter described
as [Co(u)-dmbpy]|) complex as the redox mediator, BiVO, as the
water oxidation photocatalyst, and (CuGa),3Zn, 4S, (CGZS) as the
CO, reduction photocatalyst (Fig. 1(a)). The photocatalytic system
achieved high CO selectivity (>95%) relative to H, and stable
operation in an aqueous CO,-flow reactor for over 50 h of visible-
light irradiation.’ Time-dependent evolution of O,, which is the
oxidation product of water, started after an induction period of
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Fig.1 (a) Z-Scheme photocatalytic CO, reduction using particulate
(CuGa)o3Zn14S, (CGZS), BiVO,4 and a water-soluble cobalt() complex
[Coli)-dmbpyl. About 98% of [Co-dmbpy] functions as a redox electron
mediator, while 2% functions as a CO, reduction catalyst over CGZS.
(b) Schematic illustration of operando XAS measurement setup for Z-scheme
photocatalytic CO, reduction under CO, flow. (c) Co K-edge operando
XANES spectra and (d) ex situ UV-Vis spectra of Z-scheme CO, reduction,
after 60 min in the dark (before (dark)) and continuous visible light irradiation.
Times in brackets indicate retention time in the dark or under light irradiation.
For UV-Vis measurements, the reaction solution was sampled, the photo-
catalyst was filtered and diluted 12-fold with a CO,-saturated 0.01 M NaHCO3
solution.
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approximately 6 h, although not stoichiometrically sufficient.
98% of [Co(u)-dmbpy] acts as a redox shuttle mediator between
CGZS and BiVO,, while 2% serves as a CO,-to-CO conversion
cocatalyst on CGZS as a structurally transformed Co(i)* which has
little effect on the Co(i)/Co(in) mediator cycle.?

To further elucidate the Z-scheme mechanism in this metal-
complex/semiconductor hybrid photocatalytic system, dynamic
monitoring of the redox-state change of the Co complex redox
mediator, which facilitates electron transfer between the two
semiconductor photocatalysts, is essential. The state of Co
species in solution has been investigated using ex situ UV-Vis
spectroscopy, but it requires sampling of the reaction solution,
removal of the photocatalyst, and more than ten-fold dilution,*
making it impossible to obtain real-time information. Thus the
function and behavior of [Co(u)-dmbpy] as an electron transfer
mediator remain insufficiently understood.

Here, operando X-ray absorption spectroscopy (XAS) was applied
for the direct measurement and understanding the behavior of
the major portion of [Co(u)-dmbpy] complex as the mediator,
which continuously shuttles electrons from BiVO, to CGZS photo-
catalysts. Recently, there has been growing interest in operando
XAS to study dynamic changes in cocatalysts supported on semi-
conductor surfaces during photocatalytic and photoelectrochem-
ical reactions.” Studies have reported changes in the oxidation
and reduction state of Pt and Co cocatalysts supported on
UV-responsive semiconductors like TiO, or SrTiO;, providing
valuable insights into their catalytic roles.® However, no studies
have been reported that apply this technique to redox-shuttle
electron mediators in aqueous Z-scheme photocatalytic systems.
Previously, we conducted operando XAS of [Co(u)-dmbpy] in
aqueous dilute (0.3 mM) solution during electrochemical
CO, reduction and discussed Co K-edge X-ray absorption near
edge structure (XANES) spectra by combination with density
functional theory (DFT) calculations.® However, operando XAS
measurement for the molecular metal complexes under light-
irradiated suspension mixed with semiconductor particles is
challenging to establish a measurement setup, including reactor
design, due to the complexity of the system. In this study, we
succeeded in directly observing dilute Co complex redox mediators
in an aqueous solution suspended with photocatalysts using
operando XAS. We first attempted to measure the Co K-edge XANES
spectra of divalent and trivalent [Co-dmbpy]| complexes alone
([Co(un)-dmbpy] and [Co(m)-dmbpy]) in a CO,-saturated 10 mM
NaHCO; aqueous solution, which is the same as the solution used
in the photocatalytic reaction described below. To prevent synchro-
tron radiation from reducing Co(m) to Co(u), standard XANES
spectra of the Co(u) and Co(m) complexes were successfully
obtained by stirring a large (100 mL) 0.3 mM solution during
measurement. This large-volume approach effectively mitigates
beam-induced damage in suspension-based systems.” In Co
K-edge XANES spectra, a shift of about 2.3 eV between the Co(u)
and Co(m) peak positions was observed, suggesting that the
method is applicable to observe the behavior of Co species during
photocatalysis, with the signal-to-noise ratio (SNR) calculated as
101 (Fig. S1 and S2). Subsequently, Co K-edge operando XAS
measurements were conducted on a visible-light-driven Z-scheme
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CO, reduction system in an aqueous suspension containing [Co(u)-
dmbpy], BiVO,, and CGZS. The semiconductors and Co complexes
used in this operando study were confirmed to exhibit photo-
catalytic activity comparable to previously reported® levels in a
visible-light-driven Z-scheme reaction using a CO, flow reactor and
a batch-type reactor (Fig. S3a, b and Table S1). Operando XAS
measurements in the Z-scheme reaction were performed using a
Pyrex cell with a polyimide window as follows (Fig. 1(b)). Under
continuous CO, flow, a CO,-saturated 10 mM NaHCO; aqueous
solution containing the divalent [Co(u)-dmbpy] complex was stir-
red, followed by the addition of two photocatalysts. The resulting
suspension was kept under dark conditions with stirring for 1 h.
Subsequently, visible light (1 > 420 nm) was irradiated from the
side of the reaction cell while stirring was maintained. Operando
Co K-edge XAS analyses were performed using a fluorescence yield
mode, with each measurement period set at about 10 min. The
light energy density for the operando-XAS was set identical to that
of photocatalytic CO, reduction reported (see experimental section
in SI). Here, most of the Co K-edge XANES spectra can be
discussed as that of the electron mediator, since 98% of the
[Co-dmbpy] contributes as a redox-shuttle electron mediator in
the present system as (Co(u)/Co(m)).?

Fig. 1(c) shows representative Co K-edge XANES spectra
obtained over time in the Z-scheme system in divalent [Co(u)-
dmbpy] aqueous solution. The changes in the XANES spectra at
detailed time steps under dark and irradiation conditions are
shown in Fig. S4 and S5, respectively. To obtain deeper insight
into the behavior of the Co species observed in the XANES
spectra, the results are summarized in Fig. 2, which presents
the time course of the Co K-edge XANES edge energies (Eedge)
during the Z-scheme CO, reduction using [Co(u)-dmbpy]
(closed blue circles). Here, Ecqqe is defined as the energy at a
normalized absorption of 0.5, corresponding to the 0.5 position
on the vertical axis in Fig. 1(c), as previously described.® The
Co(u) complex exhibited an edge energy (Eegge) of 7716.6 eV.
Upon addition of CGZS and BiVO, under dark conditions, the
edge energy gradually increased (indicative of oxidation) by up
to +0.7 eV, and became relatively stable after 40 min. The ex situ
UV-Vis spectrum of the solution sampled after 1 h in the dark,
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Fig. 2 Time course of the edge energies of the Co K-edge operando
XANES (Eeqge) during the Z-scheme CO, reduction reaction using [Co(i)-
dmbpy] (closed blue circle) and [Co(n)-dmbpy] (open blue circle). Ecqge
values were defined as the energies at a normalized absorption of 0.5, as
shown in the Fig. 1(c). The horizontal axis represents the total elapsed time
in dark and light conditions.
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following removal of the solid photocatalysts, and 12-fold
dilution of the filtrate, showed a decrease in the Co(u)-related
peak and the emergence of a new peak corresponding to Co(m)
(Fig. 1(d), blue line). This is consistent with the operando
XANES results. The presence of Co(m) species suggests that
even in the dark, [Co(u)-dmbpy] was oxidized to Co(u) through
electron transfer to the electron-deficient CGZS. These aspects
will be discussed in detail later.

Upon irradiation, the energy value shifted steeply by about
+1.0 eV, probably due to electron donation to CGZS. Then
gradually shifted back toward lower energy and stabilized after
6 h of light irradiation (corresponding to 420 min, including 1 h
of darkness, in Fig. 2). The final photon absorption edge energy
(Eeage) after 9 h of light irradiation reached 7717.7 eV, which
lies approximately midway between the energies of Co(u) and
Co(ur). From the two-component spectra of [Co(u)-dmbpy] and
[Co(m)-dmbpy], Co(u) and Co(m) species were quantified to be
53% and 47%, respectively (see Experimental section in SI),
indicating a near-perfect redox-buffered Co(u)/Co(ur) mediator
that maintains a well-balanced redox equilibrium during con-
tinuous photocatalytic CO, reduction. As shown in the UV-Vis
spectra (Fig. 1(d)), the Co(m) component increased after
170 min of irradiation but slightly decreased after 550 min, at
which point spectral deconvolution estimated Co(u) and Co(mr)
at 40% and 60%, respectively. The proportion of Co(m) in
UV-Vis analysis was 13% higher than that obtained from direct
XAS measurements because the sample preparation of dilute
solutions and measurement being conducted in air as pre-
viously described (Fig. S6). These results indicate that, although
the overall UV-Vis trend was consistent with the XANES results,
operando XAS provided more precise real-time insights into Co
valence changes. It is also suggested that electron transfer
between BiVO, and CGZS occurs via the redox cycle of the Co
complex, maintaining the appropriate valence of Co(u) and
Co(m) in the photocatalytic reaction. These results demonstrate
that operando XAS can monitor the in situ and real-time evolu-
tion of Co complex oxidation states, thereby clarifying the role
of redox shuttle mediators in photocatalytic reactions. For
comparison, operando XAS measurements were conducted
using a Z-scheme system with [Co(m)-dmbpy] under the same
procedure as [Co(u)-dmbpy] (blue open circles in Fig. 2). Unlike
[Co(u)-dmbpy], no distinct shift to higher energy was observed
upon light irradiation, and the E.q4q before and after irradiation
remained nearly identical. Instead, a gradual shift to lower energy
occurred, stabilizing around 250 min (190 min of irradiation). At
610 min (550 min of irradiation), the Eeqge reached 7717.7 eV,
nearly the same as when starting from Co(u). These results
suggest that, under stable conditions in this Z-scheme system,
the Co(1)/Co(m) ratios in solution at the equilibrium are deter-
mined by the balance with the semiconductors added, regardless
of the initial valence state of the Co complex.

To evaluate the effect of each photocatalyst (BiVO, or CGZS)
on the Co complex mediator, Fig. 3 shows the time-dependent
change of the Co K-edge E.qg. during the initial dark and
light processes (up to 4 h) for the two half-reactions using
[Co(u)-dmbpy], together with results from the Z-scheme system
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Fig. 3 Time course of the edge energies of Co K-edge operando XANES
(Eeage) during the Z-scheme (blue) and half-reactions (CGZS only (black)
or BiVO, only (red)) in CO,-bubbled aqueous 0.01 M NaHCO3 solution
containing [Co(i)-dmbpyl. The Eeqqes Were defined as the energies at a
normalized absorption of 0.5.

(blue circle). The Co complex behavior depends strongly on
both light and the semiconductor employed. In the CGZS-only
half-reaction (closed black circle), CO production was signifi-
cantly reduced compared with the Z-scheme, while H, was
predominantly produced over CO (Fig. S3c and S7). XAS revealed
that adding CGZS to [Co(u)-dmbpy] solution in the dark caused a
pronounced ~2.33 eV Eqqg. shift to higher energy, consistent
with oxidation to Co(i) (Fig. 3, black circle; Fig. S8), likely due to
gradual electron donation to CGZS. Even after visible-light irra-
diation for 170 min (230 min total on the Fig. 3 x-axis), only a
minor shift to lower energy was observed, and the Co species
remained mainly in the Co(im) state, suggesting that back electron
transfer from CGZS is not dominant in this half-reaction.

In the BiVO,-only half-reaction (closed red circle), BiVO, can
oxidize water under visible light, but its conduction band elec-
trons lack sufficient energy to reduce CO, or protons, and thus no
CO or H, was produced even in the presence of [Co(i)-dmbpy].?
As shown in Fig. 3 (red circle), the Ecqe of 7716.6 €V of [Co(u)-
dmbpy] remained unchanged for 0-60 min in the dark after
addition of BiVO,, indicating that cobalt remained mainly in the
Co(u) state. The behavior contrasts sharply with that observed in
CGZS-only half-reaction, highlighting that the dark-state behavior
of [Co(u)-dmbpy] strongly depends on the semiconductor photo-
catalyst. Following the dark-state analysis with BiVO,, visible light
(4 > 420 nm) was applied, and Co K-edge XANES spectra were
monitored for 170 min (Fig. $9). Irradiation caused a gradual,
slight shift of the edge to higher energy, and after 170 min
(230 min total on the Fig. 3 x-axis), the distribution of Co(u) and
Co(m) were estimated to be 75% and 25%, respectively. This slow
oxidation likely reflects BiVO,-mediated processes, partial Co(u)
oxidation, or structural changes of [Co-dmbpy]. These behaviors
under dark and light conditions differ markedly from those
observed with CGZS-only.

The Co K-edge spectral behavior of [Co(u)-dmbpy] differs
markedly among the two half-reactions and the Z-scheme. In
the CGZS half-reaction, [Co(u)-dmbpy] donates an electron to

This journal is © The Royal Society of Chemistry 2025
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electron-accepting p-type CGZS in darkness to form fully Co(ur),
unlike in the BiVO, half-reaction. Without an electron donation
from BiVO,, Co(m) accumulates in solution, explaining the very
low CO production, as previously reported® and as shown in Fig.
S2c, since the reduction cycle cannot proceed except through self-
corrosion of CGZS. In the Z-scheme system (closed blue circle) in
darkness, [Co-dmbpy]| exhibits suppressed electron transfer to
CGZS, yielding a fairly-balanced Co(ir)/Co(m) ratio of Co(u) = 56%.
Upon light irradiation, further electron transfer to CGZS occurs,
producing a continuous Co(m)-dominant state. This suggests that
photoexcited CGZS requires more electrons at this Co(in)-
dominant stage in the Z-schematic operation, but the electron
supply from BiVO, is insufficient. Therefore, the results might
indicate that H,O oxidation at BiVO, is the rate-limiting step
during this induction time region of the Z-schematic CO,
reduction (Fig. S3b). After the induction period, approximately
equal amounts of Co(u) and Co(i) are present in the solution. In
the Z-schematic hydrogen generation by water splitting using
Fe*/Fe*" electron mediator and rutile TiO,, TiO, particles pre-
ferentially adsorb Fe** ions. Indeed, when both Fe*" and Fe*" are
present, only Fe** ions adsorb, leading to O, generation.’ A
similar selective adsorption of the molecular [Co-dmbpy] med-
iator at different oxidation states occurs on the respective semi-
conductor surfaces. Previous analyses of the photocatalysts and
the solution after irradiation confirmed that more than 98% of
the [Co-dmbpy] remains unadsorbed on the semiconductor
photocatalyst.” This strongly suggests that [Co-dmbpy] functions
as a redox shuttle, cycling between Co(u) and Co(mr), and mediates
electron transfer between CGZS and BiVO, in the Z-scheme CO,
reduction.

This paper discusses the direct observation of the Co complex
electron mediators by operando XAS. However, in the future, when
a more sensitive detection setup for this dilute Co complex is
realized, extended X-ray absorption fine structure (EXAFS) will
enable a more detailed understanding. This operando XAS
approach applies to different semiconductor/metal-complex
hybrid photocatalyst suspension systems composed of particulate
oxide, sulfide, or selenide semiconductors combined with metal
complexes or metal cations, as the electron mediator in the Z-
scheme and sacrificial electron donors for CO, reduction.>* The
operando XAS in aqueous solution could also contribute to systems
of hydrogen generation by water splitting using as electron med-
iators consisting of metal complexes'' and metal ions.”"

In summary, operando XAS enabled direct, real-time obser-
vation of the redox behavior of the cobalt complex [Co(u)-
dmbpy], which acts as a redox-shuttle electron mediator in Z-
scheme photocatalytic CO, reduction with BiVO, and CGZS.
The behavior of [Co(u)-dmbpy] underscores the critical depen-
dence of its redox state on the presence of both semiconductors
and visible light, and highlight its unique functionality in
maintaining electron transfer during the Z-schematic reaction.

The operando XAS data were acquired at the BL33XU beam-
line at the SPring-8 facility, with the approval of the Japan

This journal is © The Royal Society of Chemistry 2025

View Article Online

ChemComm

Synchrotron Radiation Research Institute (JASRI) (proposal no.
2021B7038, 2022A7038, 2022B7038, 2023A7038, and 2025A7038).
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