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1. Introduction

Carbon capture, utilization, and storage (CCUS) technologies
are widely regarded as critical strategies for achieving net-zero
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An operando photoconductivity platform reveals
defect—adsorbate—carrier coupling in ultrathin
MoS, for solar-driven CO, reduction
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Understanding the interfacial charge dynamics between a catalyst and adsorbate is vital for advancing
solar-driven CO, reduction. However, the mechanistic coupling between defects, surface adsorbates, and
photogenerated carriers remains poorly defined under operando conditions, limiting rational catalyst
design. Here, we introduce a high-sensitivity in situ photoconductivity (PC) platform to probe carrier
dynamics in a 3 nm-thick MoS, film under simulated gas-phase CO, photoreduction conditions (AM1.5G
illumination, CO,/H,O atmosphere). Prominent persistent PC (PPC) was observed under vacuum/UV
irradiation, attributed to approximately 5% sulfur vacancies acting as deep-level traps (bandgap: 1.76 eV;
electron capture barrier: 0.47 eV). Upon exposure to humid CO,, the photocurrent dropped by 82%, with
significantly shortened rise and decay time constants, indicating accelerated recombination via enhanced
defect—adsorbate interactions. To explain these findings, we propose a conceptual defect—adsorbate
energy alignment model describing three distinct electronic coupling scenarios, including (i) energetic
alignment of defect—adsorbate states, (i) modulation of adsorbate LUMO levels to higher energies, and
(iii) lowering of adsorbate LUMO levels under specific coupling conditions. This model represents the first
mechanistic framework linking adsorption, defect energetics, and charge retention in defective ultrathin
2D photocatalysts. It establishes a foundation for rational catalyst design, with future theoretical and spec-
troscopic validation expected to further strengthen this framework. Our operando PC platform offers
mechanistic insights into defect—adsorbate—carrier coupling and provides a promising diagnostic tool for
guiding the development of high-efficiency ultrathin 2D CO, catalysts.

carbon emissions."® Among the various CO, utilization
approaches, solar-driven gas-phase photocatalytic CO,
reduction reactions (PCCO,RRs) offer a promising pathway for
converting CO, into high-value fuels and chemicals using
renewable energy sources.® However, traditional particulate
photocatalysts such as metal oxides typically possess wide
bandgaps, which limit light absorption and lead to long
carrier diffusion paths and weak surface reactivity, conse-
quently reducing overall catalytic performance.”® In contrast,
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ultrathin two-dimensional (2D) semiconductor photocatalysts,
such as molybdenum disulfide (MoS,), have emerged as attrac-
tive alternatives due to their high surface-to-volume ratios,
short charge migration lengths, and tunable electronic
structures.’*® Their nanoscale thickness enhances charge sep-
aration and transport efficiency while reducing bulk recombi-
nation losses.*'®> However, the full catalytic potential of these
materials remains underexplored due to an incomplete under-
standing of how interfacial charge dynamics and gas-phase
surface reactions co-evolve under realistic operating
conditions.
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Pristine MoS, was initially reported as an efficient HER cata-
lyst because its edge sites are catalytically active,'® whereas the
basal plane is inert and unfavorable for catalytic reactions.
However, the overall surface area of MoS, is dominated by the
basal plane rather than the edge sites. If the basal plane pro-
perties can be effectively tuned, MoS, could potentially be trans-
formed from an HER catalyst into a promising material for CO,
reduction."” This possibility has attracted significant attention
in recent years."”'° Strategies such as sulfur vacancy engineer-
ing and the introduction of supported metal single atoms or
nanoparticles have been demonstrated to modify the electronic
structure and catalytic behavior of the basal plane.'®' These
approaches endow MoS, with remarkable potential for CO, con-
version and have stimulated a new research direction.

Despite advances in the design and synthesis of 2D photocata-
lysts, the mechanistic coupling among intrinsic defects, adsorbed
CO, molecules, and photogenerated charge carriers remains
poorly understood under operando conditions.*® A key mechanis-
tic step involves the transfer of photogenerated electrons to
adsorbed CO, molecules, which leads to the formation of CO,™,
a crucial intermediate in the activation process.®*" The efficiency
of this process depends not only on charge separation and trans-
port but also on the energetic alignment and dynamic interaction
between surface adsorbates and intrinsic defect states, which
together modulate the interfacial charge landscape.®*" Intrinsic
defects in ultrathin 2D photocatalysts, such as sulfur vacancies
(Vs) or lattice distortions, substantially affect charge carrier behav-
ior, enhance molecular adsorption, and regulate surface reaction
pathways critical to photocatalytic CO, conversion.*>*

To evaluate catalytic performance, ex situ methods, such as
gas chromatography (GC), gas chromatography-mass spec-
trometry (GC-MS), and nuclear magnetic resonance (NMR), are
widely employed for product quantification,”® yet these tech-
niques provide no insight into real-time charge dynamics or
surface-defect-adsorbate coupling. In situ spectroscopy, includ-
ing X-ray photoelectron spectroscopy (XPS)**?” and diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS),>*°
enable chemical-state analysis of adsorbed species. However,
these techniques primarily provide static snapshots of surface
composition rather than dynamic information on charge behav-
ior. Ultrafast transient absorption (TA) spectroscopy addresses
this limitation by tracking carrier relaxation and trapping on the
picosecond timescale and has been applied to study defect
effects in In,O;_, (OH), systems under photothermal CO,/H,
conditions.***> However, TA is equipment intensive, and its
ultrashort temporal window limits its applicability to steady-state
processes such as persistent carrier retention or defect-mediated
recombination, both of which are critical for determining photo-
catalytic turnover. These limitations expose a critical measure-
ment gap: the lack of operando-compatible, steady-state electronic
diagnostics capable of continuously resolving how surface-adsor-
bate interactions modulate charge retention via defect states.
Without such tools, the role of defect-adsorbate—carrier coupling
in regulating activation pathways and selectivity during the
PCCO,RR remains speculative. Therefore, there is an urgent need
for scalable, real-time diagnostic strategies that can directly probe
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photocarrier dynamics and their coupling with surface-adsorbed
CO, under relevant gas-phase conditions, thus providing
mechanistic guidance for rational defect engineering in ultrathin
2D photocatalysts.

Photoconductivity (PC) is a classical yet versatile opto-
electronic technique that enables time-resolved monitoring of
charge generation, transport, and recombination through sys-
tematic modulation of light intensity, wavelength, gas compo-
sition, and temperature under operando conditions.**”’
Compared to conventional ex situ methods, PC is particularly
well suited for probing carrier dynamics in low-dimensional
semiconductors under reactive environments. PC measure-
ments capture illumination-induced conductivity variations,
serving as indirect but sensitive proxies for photocarrier gene-
ration efficiency, mobility, and trap-state dynamics. Numerous
studies have reported varied photoconductivity (PC) responses
in 2D materials, such as normal PC, persistent PC (PPC), and
negative PC (NPC), which are commonly attributed to intrinsic
defects and surface-adsorbed molecules.**” PPC refers to a
long-lived conductive state that persists even after illumination
is removed, whereas NPC denotes a reduction in conductivity
upon light exposure. Among these, PPC, defined as the pro-
longed conductivity after light-off, typically arises from deep-
level trap states and may enhance multi-electron photocatalytic
reactions by extending the lifetime of photogenerated
electrons.*®*® Despite its mechanistic significance, PPC remains
largely underexplored in the context of dynamic defect-adsor-
bate-carrier coupling under photocatalytic conditions.

Our prior work extended in situ PC to gas-phase catalysis
using carbon-doped SnS, under CO,/H,O, but PPC-specific
behaviors were not systematically examined.*® Notably, PPC has
been reported in doped and nanostructured indium oxide
systems, where defect-mediated trapping correlated with
enhanced catalytic yields in gas-phase reverse water-gas shift
(RWGS) reactions under CO, + H,.***! Their integration of oper-
ando PC characterization confirmed a positive correlation
between PPC and catalytic performance. Although the RWGS
system involves photothermal catalysis rather than pure photo-
excited processes, its persistent photoconductivity behavior
under illumination highlights the relevance of defect-assisted
charge dynamics and supports the use of operando PC as a valu-
able mechanistic tool. To date, however, atomically thin 2D
semiconductors have not yet been systematically evaluated for
PPC behavior under realistic PCCO,RR conditions nor has the
modulation of PPC via defect-adsorbate coupling been clarified.
Furthermore, despite the growing number of review articles on
in situ characterization techniques for photocatalysis,>®*%4**
in situ PC remains underutilized as a mechanistic probe, par-
ticularly in the case of PPC. Its capacity to resolve dynamic
defect kinetics, long-lived charge retention, and interfacial elec-
tronic coupling under operando gas-phase conditions remains
largely untapped. Addressing this knowledge gap is crucial for
establishing a deeper mechanistic understanding of gas-phase
photocatalysis and for developing scalable, material-agnostic PC
diagnostics to screen PPC-active 2D catalysts and elucidate how
defects influence CO, activation.

This journal is © The Royal Society of Chemistry 2025
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To address the critical knowledge gap in defect-adsorbate-
carrier coupling under gas-phase PCCO,RR conditions, we
developed a high-sensitivity in situ PC platform capable of real-
time monitoring of charge dynamics in defective ultrathin 2D
photocatalysts. Using a 3 nm-thick MoS, thin film (TF) as a
model system, we observed pronounced PPC under vacuum/
UV exposure, attributed to approximately 5% Vg acting as
deep-level traps, consistent with a 1.76 eV optical bandgap and
a 0.47 eV electron capture barrier (E.) derived from Arrhenius
and configuration coordinate analyses. Upon exposure to
humid CO,/AM1.5G illumination, the photocurrent decreased
by 82%, while rise and decay time constants (zse and zgy)
were significantly shortened, indicating accelerated recombi-
nation and suppressed PPC via enhanced adsorbate-induced
electron extraction. To rationalize these observations, we
propose a conceptual defect-adsorbate energy alignment
model that classifies three representative coupling scenarios
based on the relative position of the CO, LUMO and defect
trap states: (i) energetic alignment, (ii) higher LUMO, and (iii)
lower LUMO. Although hypothetical, this model is substan-
tiated by experimental observations and, to the best of our
knowledge, represents the first mechanistic framework linking
PPC modulation to defect-adsorbate electronic interactions in
ultrathin 2D photocatalysts. Beyond offering mechanistic
insights, our study positions operando PC as a generalizable
diagnostic method for probing interfacial dynamics and
guiding rational defect and surface energy design for solar-
driven CO, photocatalysis.

2. Experimental methods

2.1 Preparation and characterization of 3 nm-thick MoS, thin
films

Three-nanometer-thick MoS,TFs were synthesized via post-sul-
furization of vacuum-deposited 3 nm-thick molybdenum triox-
ide (MoOj3) TFs using a three-zone chemical vapor deposition
(CVD) system, as illustrated in Fig. S1. High-purity sulfur
(99.9%, Sigma-Aldrich) and MoO; powder (99.95%, Alfa Aesar)
were used as precursor materials. The resulting MoS,TFs
grown on SiO,/Si substrates were characterized using a suite of
microscopy and spectroscopy techniques. Atomic force
microscopy (AFM, Bruker Dimension Icon) was employed to
determine the film thickness and surface roughness. Optical
absorbance measurements were performed using a UV-vis-
NIR spectrophotometer (JASCO V-670), and the optical band
gap was estimated using Tauc plots derived from the absor-
bance spectra. Raman and photoluminescence (PL) spectra
were acquired using a Jobin-Yvon LabRAM H800 system
equipped with a 532 nm Nd:YAG laser as the excitation source.
The chemical composition and stoichiometry of the MoS,TF
were analyzed via X-ray photoelectron spectroscopy (XPS, PHI
5000 VersaProbe III) using a monochromatic Al Ka source. The
atomic sensitivity factors (ASFs) used for quantification were
3.544 for Mo 3d and 0.717 for S 2p, measured at a take-off
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angle of 54.7°. XPS data were processed and fitted using the
CasaXPS software.

2.2 Dark/photocurrent and persistent photoconductivity

The photodetector structure based on the 3 nm-thick MoS, TF
was designed in accordance with our previous studies,*”*’
adopting a two-terminal photoconductor configuration
without gate bias. Platinum (Pt) top electrodes were deposited
onto the MoS,TF by sputtering. The ohmic behavior of the
metal-semiconductor contact was verified using linear
current-voltage (I-V) characteristics. All electrical measure-
ments were carried out using a low-leakage current probe
station (Lake Shore Cryotronics TTP4) integrated with a semi-
conductor characterization system (Keithley 4200-SCS). Dark
and photocurrent responses were measured in vacuum at
room temperature under illumination using three monochro-
matic light sources: a 375 nm ultraviolet (UV) laser, a 633 nm
He-Ne laser, and an 808 nm diode laser. A constant DC bias of
1.0 V was applied during these measurements. To investigate
PPC, the 3 nm-thick MoS,TF sample was mounted on the cold
finger of a closed-cycle helium cryostat, and PPC measure-
ments were performed under 375 nm UV laser illumination at
varying temperatures.

2.3 In situ photoconductivity measurements

In situ photoconductivity measurements were designed to
probe the environmental sensitivity of the 3 nm-thick MoS,TF
device. Specifically, the photocurrent was measured in real-
time while systematically varying the ambient conditions—
from high vacuum (~1 x 10~ torr) to a mixed gas environment
consisting of CO, and H,O at 1 atm. These measurements
were conducted under continuous AM1.5G simulated solar
illumination and an applied bias of 1.0 V, as illustrated in
Fig. S2. Additional experimental details related to the dark/
photocurrent, in situ photocurrent, and PPC characterization
are available in our previous reports.>>3¢3°

2.4 Photocatalytic CO, reduction measurement

A 3 nm-thick MoS,TF was evaluated for its photocatalytic CO,
reduction performance under a 24-hour illumination period.
The gaseous products generated from the PC-CO,RR process
were analyzed using a gas chromatography system (Agilent
6890) equipped with a flame ionization detector (FID) and a
glass PLOT column (RT-Q-BOND). This analytical configur-
ation enabled reliable separation and quantification of the
reaction products. Further information regarding the GC
system setup and reaction conditions can be found in our
earlier publications.**

3. Results and discussion

3.1 Conceptual design of the in situ photocurrent platform
for gas-phase CO, photocatalysis

To systematically investigate charge transport and photocarrier
retention in ultrathin 2D photocatalysts under solar-driven
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gas-phase PCCO,RR conditions, we developed a high-sensi-
tivity in situ photoconductivity platform capable of real-time
electrical probing under simulated solar illumination and con-
trolled atmospheres (Fig. 1). As shown in Fig. 1a, ultrathin
MoS,TF was selected as a model photocatalyst due to its atom-
ically thin structure, strong light-matter interaction, and the
presence of intrinsic defects characteristic of 2D MoS,, making
it a promising system for real-time mechanistic studies.

To achieve this, we established an experimental configur-
ation that combines steady-state AM1.5G illumination with a
gas-phase reactor enabling exposure to reactive CO, + H,O mix-
tures. The planar photodetector architecture (Fig. 1b) allows
for direct and continuous photocurrent monitoring without
the need for a gate electrode, enabling real-time tracking of
charge transport while the catalyst interacts with surface adsor-
bates. A constant bias voltage of 1.0 V was applied during all
measurements to maintain stable current collection. This con-
figuration provides not only real-time conductivity measure-
ments but also establishes a mechanistic foundation for corre-
lating dynamic electrical responses with interfacial gas-solid
processes. In particular, it enables time-resolved tracking of
PPC modulation and interfacial electron extraction, both of
which are critical for elucidating the coupling between photo-
generated carriers, intrinsic defect states, and surface-
adsorbed species. Such operando-compatible diagnosis is
essential for deciphering the mechanistic basis of defect-
adsorbate—carrier interactions in ultrathin 2D photocatalysts
for solar-driven CO, reduction. The material characteristics
and defect properties of the ultrathin MoS,TF used in this
study are described in the following section.

3.2 Fabrication and multimodal characterization of 3 nm
MosS,, photocatalytic films

The 3 nm-thick MoS,TFs were synthesized by post-sulfuriza-
tion of 3 nm-thick MoO; TF, following our previously estab-
lished method.**** Initially, MoO; TFs were deposited onto
Si0,/Si substrates by thermal evaporation. These were then
annealed at 500 °C for 1 hour under an Ar-H, (4:1) atmo-
sphere at ~1 Torr to convert MoO; into MoO,. Post-sulfuriza-
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tion was conducted under Ar-H, (10:1) at 1 Torr, with sulfur
powder heated to 140 °C and the substrate heated to 900 °C.
After 10 minutes of reaction, MoO; was fully converted into
MoS, (Fig. S1). The resulting 3 nm-thick MoS,TF grown on
SiO,/Si substrates is shown in Fig. 2a. Optical microscopy and
AFM confirmed the formation of a continuous, large-area film
(Fig. 2b and c). The film thickness was measured to be
approximately 3.0 nm, and the root-mean-square surface
roughness (Ry) was 0.48 nm, determined via AFM height profil-
ing on a scratched region (Fig. 2c). These results demonstrate
the successful fabrication of uniform ultrathin films with
smooth surfaces suitable for electronic measurements.

Raman spectroscopy verified the 2H-MoS, phase, revealing
two characteristic peaks corresponding to the in-plane (E',,
382.8 em™') and out-of-plane (A, 407.5 c¢cm™') vibrational
modes of Mo-S bonding (Fig. 2d). The Si substrate peak
appeared at ~521 cm™'. To further assess spatial uniformity,
Raman spectra were collected from 16 positions across a 2 x
1 cm? area. The frequency difference between the A;g and E12g
modes remained consistent at ~24.7 cm ™", indicating excellent
thickness homogeneity (Fig. 2e). For comparison, spectra from
commercial monolayer and bulk MoS, crystals were also
included. Optical absorption properties were analyzed using
UV-vis-NIR spectroscopy (Fig. 2f). Three distinct excitonic fea-
tures were observed at 669, 618, and 444 nm, corresponding to
the A, B, and C excitons, respectively. The inset of Fig. 2f
shows a Tauc plot estimating the optical band gap at ~1.76 eV.
Temperature-dependent photoluminescence (PL) spectra were
recorded over the 550-800 nm range (Fig. 2g), displaying A and
B exciton emissions. PL intensity increased with decreasing
temperature from room temperature to 80 K, indicating
reduced non-radiative recombination.

XPS was used to analyze the chemical composition and stoi-
chiometry of the MoS,TF. High-resolution spectra of the Mo
3d and S 2p regions are shown in Fig. 2h and i, respectively.
The Mo 3d spectrum displayed two main peaks at 229.4 eV
(3ds/2) and 232.5 eV (3dj,), along with a small S 2s peak at
226.6 eV (Fig. 2h).*>*” The S 2p spectrum exhibited a doublet
at 162.2 eV (2p;5,) and 163.4 eV (2p,,), characteristic of Mo-S

(b) In-situ photoconductivity

lllumination
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Water bubbler TTPX probe station Keithley 4200-SCS

Fig. 1

(a) Schematic illustration of a 3 nm-thick MoS,TF serving as a model photocatalyst for the solar-driven PCCO,RR. (b) A planar MoS,TF-based

photodetector architecture for in situ photocurrent measurement, enabling real-time electrical probing of carrier dynamics and defect—adsorbate

interactions under the solar-driven gas-phase PCCO,RR.

Nanoscale

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03394b

Open Access Article. Published on 27 ottobre 2025. Downloaded on 02/11/2025 16:22:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper

FN

Rg=0.48 nm

Height (nm)
N w

-

(ahv)2

14 16 1.8 2.0
Photon energy
(eV)

Intensity (a.u.)

Wavelength (nm)

232 228
Binding energy (eV)

700 800 900 1000

i

A 8ok (M
—— 120K
——160K
——200K
——240K
——290K

S2p3p

Intensity (a.u.)

Nanoscale
(@) (b)
Si0, /Si substrate 3 Nm-thick Substrat
MoS,TF
(f)
(d) 02
532 nm laser
3 nm-thick MoS,TF
- e -
: 3
s Eb s
z go1
5 3
£ ]
2
Substrate
L 1 1 /" | 00 1 |
360 380 400 420 520 400 500 600
Raman Shift (cm?)
e
(e) 28 (8)
"‘g Bulk crystal
526 F :
g 20920,00,0000000 -
§ 2t 3
£ z
T 22 @
e 3
g 20 £
g M |
et onolayer
1 x 1 L 1 1
0 4 8 12 16 550 600 650
Point number
Fig. 2

Wavelength (nm)

164 162
Binding energy (eV)

700 750 800 160

(a) Photographs of the SiO,/Si substrates before (left) and after (right) the growth of the 3 nm-thick MoS,TF. (b) Optical microscopy image

and (c) atomic force microscopy (AFM) images of the as-grown 3 nm-thick MoS,TF, including surface height profiles and surface roughness charac-
terization on the SiO,/Si substrate. (d) Raman spectra of the 3 nm-thick MoS,TF and the bare SiO,/Si substrate, recorded using a 532 nm excitation
laser. (e) Statistical distribution of the frequency difference between the A;4 and Elzg Raman modes obtained from 16 different points on the 3 nm-
thick MoS,TF. Distributions from commercial monolayer and bulk MoS, crystals are included for comparison. (f) UV-vis—NIR absorption spectrum

and (g) temperature-dependent photoluminescence (PL) spectra of the 3

nm-thick MoS,TF. The inset in (f) shows the Tauc plot used to estimate

the optical band gap. (h and i) High-resolution XPS spectra of the Mo 3d (h) and S 2p (i) core-level regions for the 3 nm-thick MoS,TF on the SiO,/Si

substrate.

bonding (Fig. 2i).*°*® Quantitative XPS analysis yielded an

S:Mo atomic ratio of 1.9, suggesting the presence of ~5% Vg
in the film. The complete XPS survey spectrum is presented in
Fig. S3. Overall, this comprehensive characterization con-
firmed the successful synthesis of ultrathin MoS,TF with con-
trolled thickness, uniform morphology, and well-defined
chemical composition. These attributes are essential prerequi-
sites for subsequent investigations of their intrinsic photocon-
ductive properties and photocatalytic behavior.

3.3 Intrinsic photoconductivity of 3 nm-thick MoS,TF

3.3.1 Wavelength- and power-dependent photoconductivity
behavior. The intrinsic photoconductive properties of the
3 nm-thick MoS,TF were systematically investigated under
vacuum at room temperature. The experimental setup is
shown in Fig. S2a. All current-voltage and time-resolved
measurements were conducted with a constant bias voltage of
1.0 V. Linear and symmetric I-V curves confirmed good ohmic
contact with the platinum electrodes in both vacuum and CO,
+ H,O gas environments (Fig. S2b). Fig. 3 shows the wave-

This journal is © The Royal Society of Chemistry 2025

length-dependent photocurrent responses under three laser
excitations operating at the same power (375, 633, and
808 nm, 20 mW). The light was modulated in 10-minute on/off
cycles over three repetitions, and signals were baseline-cor-
rected by subtracting the dark current (Fig. 3a—c). The photo-
current magnitude strongly depended on excitation wave-
length: UV illumination (375 nm) yielded the highest response
(~8 nA), followed by 633 nm (~1.9 nA) and 808 nm (~0.7 nA)
(Fig. 3d). This trend is consistent with the absorption spec-
trum shown in Fig. 2f, in which stronger absorption results in
higher photocurrent generation. Additionally, power-depen-
dent measurements under 633 nm illumination (20-40 mWw)
confirmed that photocurrent increased proportionally with
laser power (Fig. S4). Notably, only 375 nm excitation induced
a PPC effect, characterized by a slow decay of the photocurrent
after the light was turned off, as discussed in detail in section
3.3.2.

3.3.2 Persistent photoconductivity behavior in ultrathin
MosS,TF. Temperature-dependent photocurrent measurements
were conducted to further examine PPC (Fig. 4). In this study,
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Fig. 3 Wavelength-dependent photocurrent response of the 3 nm-thick MoS,TF under vacuum and room temperature conditions. Time-resolved
photocurrent measurements were performed under laser illumination at 20 mW for three different wavelengths: (a) 375 nm (UV), (b) 633 nm
(visible), and (c) 808 nm (near-infrared). (d) Averaged steady-state photocurrent values of the 3 nm-thick MoS,TF under each wavelength, with dark

current subtracted.

the PPC analysis followed established protocols for investi-
gating defect-related conductivity and metastable carrier trap-
ping in wide-bandgap semiconductors.’**® As shown in
Fig. 4a, at 150 K under 375 nm illumination and vacuum con-
ditions, the photocurrent increased by nearly one order of
magnitude and remained elevated for over 26 minutes after
light-off. To assess thermal stability, a three-step temperature
cycle was performed (Fig. 4b): cooling from 330 K to 150 K
(current decreased), illumination at 150 K (current rose
rapidly), and reheating to 330 K (current gradually returned
toward the baseline). These measurements illustrate the per-
sistence of photoexcited carriers and the metastable trapping
states involved. Normalized decay curves measured at various
temperatures are shown in Fig. 4c. Each curve was fitted using
a stretched exponential function:>°

(1)

1(t) = Igyexp[—(t/7)],0 < p < 1,

where 7 is the decay time constant and f is the stretch expo-
nent. The extracted f values (0.33-0.16) indicate a broad distri-
bution of relaxation pathways, consistent with large lattice
relaxation models.> To quantify the thermal activation energy
for carrier recapture, the temperature dependence of ¢ was
evaluated using an Arrhenius relation:

7 o< exp(E./kT), (2)

Nanoscale

where E. denotes the electron capture barrier. As shown in
Fig. 4d, two regimes were observed: z decreased rapidly at
higher temperatures, indicating thermally activated capture,
while 7 remained nearly constant at low temperatures, consist-
ent with tunneling-assisted recombination. From the high-
temperature slope, E. was determined to be approximately
0.47 eV. This energy barrier represents the threshold required
for electrons to return from the conduction band to defect
states, providing a mechanistic explanation for the prolonged
carrier lifetimes observed in PPC.

Finally, the configuration coordinate diagram in Fig. 4e
illustrates the transition between stable deep-level states and
metastable shallow donor states, offering a physical framework
for interpreting the long-lived photocurrent decay. Collectively,
these findings highlight that PPC in ultrathin MoS,TF arises
from defect-related metastable states, which can significantly
influence charge separation and recombination processes rele-
vant to photocatalysis.

3.4 Real-time probing of catalytic activity and PPC dynamics
in ultrathin MoS,TF

3.4.1 Photocatalytic CO, reduction performance. Gas-
phase CO, photoreduction experiments were performed under
simulated solar irradiation for 24 hours, with a blank control
for comparison (section 2.4). As shown in Fig. 5a, the 3 nm-

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Temperature-dependent PPC behavior and configuration coordinate analysis of 3 nm-thick MoS,TF. (a) Representative PPC buildup and
decay response of 3 nm-thick MoS,TF measured at 150 K under vacuum. (b) Temperature-dependent current response of 3 nm-thick MoS,TF
before, during, and after illumination with a 375 nm laser. (c) Normalized PPC decay curves of 3 nm-thick MoS,TF collected at different tempera-
tures. Dark current was subtracted from all measurements. (d) Arrhenius plot of the PPC decay time constant (Inz versus 1/T) for 3 nm-thick
MoS,TF. Blue spheres represent experimental data and the red line corresponds to the fit based on eqn (2). (e) Schematic configuration coordinate
diagram illustrating the transition between a metastable shallow donor state (blue parabola curve) and a stable deep donor state (orange parabola
curve) in 3 nm-thick MoS,TF. E. represents the electron capture barrier energy.

thick MoS,TF produced methane (CH,) and acetaldehyde
(CH;CHO), with a total yield of 431 nmol m™. Isotopic *CO,
reduction experiments further confirmed that CH, exhibited a
complete '*C signal, and the CH; fragment of CH3;CHO
showed "’C labeling, verifying their assignment as genuine
CO, photoreduction products (Fig. S5). Although CH;CHO
exhibited only partial **C incorporation ("*CH; + ?CHO), the
detection of a labeled CH; fragment clearly indicates that it is
at least partially derived from CO, reduction. While film-based
photocatalyst yields are typically lower than those of powder
materials,’>*® ultrathin planar architectures offer advantages
for mechanistic studies by providing well-defined interfaces
and controllable defect environments. This work presents the
first demonstration of gas-phase CO, photoreduction using an
ultrathin 3 nm MoS,TF, enabling direct correlation between
catalytic output and charge dynamics. To uncover the under-
lying photoelectronic behavior, in situ photoconductivity
measurements were carried out under the same reaction con-
ditions, offering time-resolved insight into carrier dynamics
and PPC modulation. Although the photocatalytic CO,RR
experiments yielded a mixture of products, reflecting the long-
standing selectivity challenge of MoS,-based systems, the
primary focus of this work is to establish mechanistic insights
using operando photoconductivity rather than to optimize

This journal is © The Royal Society of Chemistry 2025

product selectivity. According to previous reports, surface
modification strategies (e.g., sulfur vacancy engineering and
supported Au single atoms or nanoparticles) have proved
effective in enhancing product selectivity in MoS, catalysts.'®"'®
These approaches represent promising directions for future
studies aiming to improve the CO,RR performance. With these
considerations in mind, we next examine the in situ photo-
current response under identical CO,RR conditions to corre-
late catalytic outputs with the underlying charge dynamics.
3.4.2 In situ photocurrent response under CO, reduction
conditions. In situ photocurrent measurements were con-
ducted to further examine the behavior of the 3 nm-thick
MoS,TF under conditions relevant to solar-driven CO,
reduction (Fig. 5b). Experiments alternated between vacuum
and humid CO, (CO, + H,0) environments under AM1.5G illu-
mination and a constant applied bias of 1 V. Under vacuum,
the device exhibited a clear PPC behaviour (blue curve in the
lower panel of Fig. 5b), characterized by a rapid initial rise in
photocurrent followed by a slower increase, eventually reach-
ing ~39.7 nA after 10 minutes of illumination. After the light
was switched off, the photocurrent decayed gradually and
remained at ~15.8 nA after 30 minutes in darkness. In con-
trast, under humid CO, (red curve in the lower panel of
Fig. 5b), the photocurrent reached ~7 nA during illumination
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baseline dark current.

and decayed rapidly to ~1 nA after the light was turned off,
indicating strong suppression of PPC due to gas-phase
interactions.

Fig. 5¢ quantifies these differences more systematically. The
average photocurrent over three illumination cycles decreased
from 31.3 nA in vacuum to 5.7 nA in humid CO,, corres-
ponding to an ~82% reduction in signal amplitude. Fig. 5d
presents the extracted rise and decay time constants (7, and
7a1) under both environments. In vacuum, t,is. and zg,) were
measured as 156 s and 275 s, respectively. Under humid CO,,
they decreased to 61 s and 167 s. These values were obtained
by fitting the time-resolved photocurrent transients to expo-
nential decay functions (details in Fig. S6). Notably, 7y
decreased by ~60%, while z¢,; decreased by ~35%, highlight-
ing that humid CO, not only reduced photocurrent amplitude
but also accelerated the temporal evolution of recombination
dynamics. From a photocatalytic perspective, this decrease in
photocurrent should not be regarded solely as a loss of con-
ductivity. Rather, it reflects enhanced electron extraction by
surface-adsorbed CO,/H,O species, indicating that photogene-
rated carriers are being actively utilized in CO, activation pro-
cesses. Although the measurable signal is reduced, the
observed behavior provides direct evidence that electrons are
diverted away from the conductive pathway and utilized in CO,
photoreduction reactions. To disentangle the spectral contri-
bution to PPC, control measurements using a 633 nm laser
were performed. These experiments confirmed that PPC was
induced by the UV component of the AM1.5G spectrum. No

Nanoscale

PPC behavior was observed under 633 nm illumination in
either gas environment (Fig. S7).

To better understand the mechanistic implications of these
observations, it is instructive to consider the physical pro-
cesses associated with 745e and gy During illumination, elec-
tron-hole pairs are generated in the MoS,TF. These carriers
must be separated and transported to contribute to the photo-
current. The rise time constant (z,;sc) reflects the time required
for carriers to transition from generation to formation of a
steady conduction pathway. A shorter 7, indicates faster
carrier extraction. Under humid CO,, 7,5 decreased by ~60%,
suggesting that adsorbed CO, molecules may facilitate faster
carrier transfer via additional surface channels or transient
trapping sites. When illumination is turned off, carriers
recombine or are captured by defect states. The decay constant
(7fan) reflects carrier recombination or trapping dynamics, with
shorter values indicating faster loss pathways. Under humid
CO,, 7. Was ~35% shorter, indicating accelerated decay of the
photocurrent, likely due to enhanced electron capture by
adsorbed CO, species acting as recombination centers.
Overall, these findings demonstrate that humid CO, exerts a
dual influence: it accelerates initial carrier extraction and
transport (shorter 7;45.) but also promotes faster recombination
(shorter 7¢,;). From a photocatalytic perspective, this dual
effect may facilitate electron transfer to adsorbed reactants but
could also shorten carrier lifetimes, potentially limiting overall
efficiency. Such dual modulation of charge dynamics implies
that surface adsorbates may influence defect-state occupancy

This journal is © The Royal Society of Chemistry 2025
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or depth, thereby shifting the energy landscape of photocarrier
retention. These results clearly demonstrate the dynamic
modulation of photocarrier behavior by surface adsorbates,
reflecting a complex interplay between charge transport and
recombination processes at defect-rich ultrathin interfaces.
The observed shortening of 7., and z¢,y, along with the sup-
pressed PPC, suggests that adsorbate-induced perturbations
may influence the energetics of defect states. These obser-
vations motivate the energy-level coupling model presented in
section 3.6, where defect-adsorbate-carrier interactions are
explicitly rationalized to account for the observed PPC modu-
lation and recombination kinetics.

Importantly, to the best of our knowledge, this study rep-
resents the first experimental observation of PPC in an ultra-
thin MoS,TF under simulated solar-driven CO, reduction
conditions. While prior PPC reports in MoS, were largely
limited to field-effect transistor configurations under vacuum
or inert environments,>>° our results extend this under-
standing to operando gas-phase photocatalytic systems, high-
lighting the pivotal role of surface adsorbates in modulating
defect-state energetics and photocarrier retention. This obser-
vation not only demonstrates the functional relevance of PPC
in catalytically active conditions but also provides a mechan-
istic basis for the energy-level alignment model presented in
section 3.5, where the coupling between intrinsic defects,
surface adsorbates, and photocarriers is
rationalized.

explicitly

3.5 Photoconductivity-based mechanistic elucidation and
energy-level model of defect-adsorbate—carrier coupling

In this study, we systematically employed an in situ photocon-
ductivity platform to probe the microscopic interactions
among intrinsic defects, surface adsorbates, and photogene-
rated carriers in ultrathin MoS, photocatalysts under simu-
lated gas-phase PCCO,RR conditions. This platform resolves
real-time processes such as CO, activation, carrier generation,
transport, trapping, and recombination, enabling a mechanis-
tic foundation for rational defect engineering in 2D materials.
To construct this framework, we highlight three mechanistic
pillars: (i) the correlation between specific defect structures
and photoconductivity behaviors; (ii) the dual modulation of
charge dynamics by CO, adsorption; (iii) an energy-level align-
ment model describing how defect-adsorbate coupling
governs PPC.

(i) Photoconductivity behavior serves as a sensitive indi-
cator of defect-carrier coupling. As illustrated in Fig. 6a, four
representative defect types,””®° namely 0D vacancies or
dopants, 1D dislocations, 2D grain boundaries, and 3D hetero-
geneities, can serve as catalytic sites that facilitate CO, adsorp-
tion and activation. However, the corresponding photoconduc-
tive responses, including normal PC, PPC, and NPC, have not
yet been systematically classified (Fig. 6b). In our study, a 3 nm
MoS, thin film containing ~5% Vs exhibited pronounced PPC
under PCCO,RR conditions. Previous spectroscopic and DFT
studies have shown that Vg in MoS, introduce localized states
below the conduction band edge.®’ These divergences across

This journal is © The Royal Society of Chemistry 2025
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prior studies suggest that photoconductivity behavior is highly
sensitive to both defect configuration and environmental gas
composition. We suggest that in situ photoconductivity can
serve as a high-throughput diagnostic tool for screening the
defect-gas interactions under catalytic conditions.

(if) Adsorbed CO, molecules simultaneously influence
carrier extraction and recombination. Based on our measure-
ments under humid CO, conditions, the photoconductivity
rise and decay time constants (z;s and zg,);) were shortened
by approximately 60% and 35%, respectively, accompanied
by a substantial decrease in steady-state PPC (Fig. 5b-d).
These findings indicate that CO, dynamically modulates trap
occupancy by interacting with defect states at the catalyst
surface. Fig. 6b schematically illustrates three representative
photoconductivity behaviors (Type I: PC, Type II: PPC, and
Type III: NPC), each exhibiting distinct rise and decay time
constants. Although only the PPC case was directly observed
in our experiment, we infer that the physical parameters gov-
erning photoconductivity dynamics, such as carrier retention
and recombination rates, are likely influenced by gas-phase
conditions across all three types. This implies a broader
research opportunity to systematically study how PCCO,RR
environments modulate photoconductivity in different defect
configurations. Fig. 6c further bridges the photoelectronic
response to molecular events, depicting CO, photoactivation
via electron injection into its LUMO (2x,), forming bent
CO,’~ intermediates.®*' Although this classic mechanism
does not explicitly include defects, we expand it by proposing
that adsorbate-defect coupling alters interfacial charge trans-
fer and carrier lifetimes through energy-level interaction.

(iii) To interpret the role of defects in modulating PPC, we
propose a conceptual energy-level alignment model (Fig. 6d),
which relates the LUMO energy level of adsorbed CO, to the
energetic position of defect-induced trap states. The model
considers three representative alignment scenarios. In
Scenario I, the CO, LUMO is energetically aligned with the
trap states introduced by Vs, enabling efficient electron trans-
fer from the defect to the adsorbate and thereby depleting
trapped carriers, which leads to suppression of PPC. In
Scenario II, the CO, LUMO lies above the defect level, result-
ing in unfavorable electron injection and prolonged carrier
trapping, thus sustaining the PPC effect. In Scenario III, the
LUMO of CO, resides below the defect energy level, allowing
rapid extraction of electrons from the traps and consequently
causing an abrupt quenching of PPC. This alignment-based
interpretation provides a new perspective on how sulfur-
vacancy-derived trap states modulate photoconductivity via
interaction with adsorbed molecules. Although the model
remains conceptual, further validation through density func-
tional theory (DFT) simulations or band-alignment measure-
ments such as XPS and ultraviolet photoelectron spec-
troscopy (UPS) is warranted to quantitatively assess the pro-
posed scenarios, towards a coherent framework linking
defect energetics with gas-phase carrier dynamics. Such DFT
and XPS/UPS studies are beyond the scope of this study.
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This model provides a mechanistic foundation for understanding defect—adsorbate—carrier interactions and guiding photocatalyst design.
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To our knowledge, this is the first mechanistic model that
directly links defect-adsorbate—carrier coupling to measurable
PPC behavior in ultrathin 2D photocatalysts under solar-driven
CO, reduction. Such insights may guide future defect engin-
eering strategies aimed at optimizing carrier lifetimes and
interfacial reactivity. This platform could also be extended to
explore how tailored defect densities, surface chemistries, and
band alignments affect photocatalyst performance.

4. Conclusions

In this study, we developed a high-sensitivity operando PC plat-
form to investigate persistent photoconductivity (PPC) in ultra-
thin MoS,TF under simulated solar-driven CO, photoreduction
conditions. Our results revealed that sulfur vacancies (~5%)
act as deep-level traps that drive PPC under vacuum/UV light
conditions, evidenced by a 1.76 eV bandgap and 0.47 eV elec-
tron capture barrier. Under humid CO,, an 82% drop in photo-
current and shortened rise/decay constants indicated
enhanced charge extraction by adsorbates, leading to PPC sup-
pression. To rationalize these observations, we proposed a
hypothetical energy-level alignment model that conceptually
links defect states with the electronic structure of adsorbed
CO,. This represents the first operando mechanistic demon-
stration of PPC regulation in 2D photocatalysts during gas-
phase CO, activation. Beyond providing mechanistic insight,
our operando PC strategy offers a scalable diagnostic and
rational design basis for defect-engineered screening and
optimization of next-generation solar-driven CO, reduction cat-
alysts. Future integration of in situ PC with theoretical model-
ing or XPS/UPS measurements may further validate this frame-
work and unlock defect-specific design rules for predictive
catalyst development.
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