Open Access Article. Published on 10 July 2025. Downloaded on 4/26/2026 11:17:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale
Horizons

W) Check for updates ‘

Cite this: Nanoscale Horiz., 2025,
10, 2434

photodetectorsy

Received 28th April 2025,
Accepted 9th July 2025

DOI: 10.1039/d5nh00280j

rsc.li/nanoscale-horizons

The rapid advancement of nanomaterial-based thin-film processing
has significantly contributed to the development of multifunctional
optoelectronic devices. Among novel nanomaterials, MXenes, 2D
transition metal carbides, nitrides, and carbonitrides have garnered
substantial attention due to their high optical transparency, tunable
optical properties, and excellent electrochemical performance. In
particular, niobium carbide (Nb,CT,) MXene holds great promise for
photoelectrochemical photodetectors (PEC PDs) due to its narrow-
band photodetection capability, solution-processing, and stability
under light irradiation. However, current Nb,CT,-based and 2D-
based PEC PDs, in general, suffer from low photocurrent density,
limited optical transparency, and poor environmental stability,
hindering their practical applications. In this study, we developed
a polymeric binder-free transparent reduced Nb,CT,/graphene
oxide (r-Nb,CT,/GO) heterostructured thin film using a facile
layer-by-layer technique. Incorporating reduced GO not only
assists in improving the electrical conductivity of the heterostruc-
ture but also serves as a binder for MXene flakes. We systematically
investigate the physicochemical properties of the film, its photo-
detection, and electrochemical performance. The optimized film
exhibits outstanding transparency (70% at 550 nm), narrow-band
photodetection response in the ultraviolet region, an excellent
photoresponsivity of 50.21 pA W2, and high environmental stabi-
lity. Altogether, this study paves the way for developing Nb,CT,-
based heterostructures for highly sensitive and environmentally
stable transparent PEC PDs.
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New concepts

Fabricating all-solution-processed thin films based on van der Waals
materials holds great potential for constructing large-scale, low-cost, and
high-performance optoelectronic devices. However, achieving solution-
processed thin films that simultaneously offer high electrical conductivity
and excellent transparency remains a significant challenge. By leveraging
the outstanding hydrophilicity of both graphene oxide (GO) and Nb,CT,
MXenes, we develop an innovative approach to fabricate heterostructures
via a layer-by-layer (LbL) assembly technique. The resulting Nb,CT,/GO
heterostructures are subsequently reduced using r-ascorbic acid at a low
temperature (90 °C). This strategy yields reduced r-Nb,CT,/GO (r-Nb,CT,/
GO) heterostructures exhibiting remarkable oxidation and cycling stabi-
lity, as well as tunable optical transparency by varying the number of LbL
cycles. Simultaneously, the electrical conductivity of the films can be
freely adjusted, balancing the trade-off with optical transparency. Using
this method, we further developed a transparent photoelectrochemical
photodetector operating in the UV region, achieving a transparency of
70% at 550 nm and a high photoresponsivity of 50.21 pA W™ '. The
superior performance of our novel heterostructure is attributed to several
key factors: (i) a moderate and optimized electrical conductivity of the r-
Nb,CT,/GO films, facilitating efficient electron transport to the current
collector, (ii) effective charge separation and transfer across the r-Nb,CT,/
GO interface, and (iii) enhanced light absorption of r-Nb,CT,/GO com-
pared to standalone Nb,CT,.

1. Introduction

The breakthrough in graphene discovery in 2004 opened a new
application avenue for two.dimensional (2D) atomic crystals.
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They can be used in advanced optoelectronic devices due to
their better mechanical, electronic, and optical properties
compared to their bulk counterparts.’ Moreover, 2D materials
offer strong quantum confinement and enhanced interaction
with various stimuli, including light, temperature, and spin,
making this class of materials intriguing for constructing
multifunctional devices with ultra-thin architecture.> Over the
past decade, extensive efforts have been made to explore novel
2D materials with distinct electronic properties, ranging from
metals to insulators, such as transition metal dichalcogenides,
hexagonal boron nitride, black phosphorus, perovskite oxides,
transition metal carbides and nitrides (MXenes), and transition
metal borides (MBenes).** Among them, MXenes are viewed as
potential candidates for building high-performance opto-
electronic devices due to their superior electrical conductivity
(reaching 2.0 x 10* S cm™'), exceptional light absorption,
tunable work function and optoelectronic properties, good
mechanical properties, ability to form van der Waals (vdW)
heterostructures, and facile solution-processing.””” Recently,
Nb,CT, MXene has been investigated as a building block in
optoelectronic devices due to its exotic fundamental physical
properties, such as abnormal strong electron-phonon scat-
tering,® ultrafast relaxation charge carrier dynamics,” and func-
tional-group tuned superconductivity.’® For instance, Nb,CT,
nanosheets show better values of slow and fast relaxation time
constants of carrier dynamics (0.5733 ps and 37.4 fs, respectively)
compared to Ti;C,T, nanosheets (10.51 ps and 90 fs).° Additio-
nally, Nb,CT, exhibits a higher extinction coefficient at 808 nm
(37.6 L g ' em™ )" compared to TizC,T, (29.1 L g " em™").*?
Despite this promise, the optoelectronic applications of Nb,CT,
remain overshadowed by the first discovered MXene, i.e., TizC,Ty,
which is relatively easier to synthesize.”> >

Recently, 2D-based photoelectrochemical photodetectors
(PEC PDs) have become an emerging class of photodetectors
due to their simple preparation, cost-effectiveness, and high
sensitivity.'® The photodetection mechanism of PEC PDs is
different from that of conventional solid-state PDs. In the case
of PEC PDs, both physical (light absorption, photogenerated
charge separation, and transport) and chemical processes
(redox reactions) play important roles in regulating the photo-
response performance.'® Additionally, the interaction of elec-
trolyte with the material interface in PEC PDs tunes the unique
photoconductivity behaviour that depends on the wavelength
of light."”

In this sense, Nb,CT, has received significant attention as
an active material for PEC PDs due to its high specific surface
area and narrow-band photoelectric response.'®'® For example,
Gao et al. explored the potential of Nb,CT, as the PEC PD
sensitive to 350-400 nm, with a narrow-band photoresponse.
Its photodetection performance could be easily adjusted by
controlling the external parameters, such as electrolyte concen-
trations, bias potential, and light power.'® However, the per-
formance of these PEC PDs is still far from the merit achieved
by their solid-state counterparts, with the responsivity (under
400 nm light) being only 3.74 pA W~ " (0.6 V bias voltage and
1 M KOH).

This journal is © The Royal Society of Chemistry 2025
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To further improve the photodetection performance of
Nb,CT,, vdW heterostructures were fabricated to widen the
response spectra and prolong the charge carrier lifetime.'*>°
For example, Ren et al. developed Nb,CT,/SnS, PEC PDs with
an enhanced photocurrent density of up to 250-fold (3.75 pA cm ™ ?)
compared to that of pure Nb,CT, (0.015 pA cm™?)."?

Despite the advancement in Nb,CT,-based PEC PDs, several
challenges must be tackled to unlock their full potential. For
instance, the currently developed Nb,CT, and, more broadly,
MXene-based PEC PDs lack optical transparency and robust
adhesion to the substrate, as the films are simply fabricated
using drop-casting methods."*>"%*"**> Moreover, MXenes suffer
from oxidative degradation, which can degrade the device’s
performance over time, hindering their practical applications.*
Additionally, polymers were often used as a protective layer as well
as binders, which may decrease the electrical conductivity of
MXene layers.”* Recently, layer-by-layer (LbL) assembly of MXene
has been developed to fabricate thin films with high adhesion and
easily adjusted optoelectronic properties.*®> However, to the best of
our knowledge, no study to date has reported the LbL assembly of a
transparent thin film for the application as PEC PDs.

In this study, we successfully fabricated polymeric binder-
free, transparent, and stable reduced Nb,CT,/GO (r-Nb,CT,/GO)
PEC PDs using LbL assembly via a spin-coating technique. We
utilized GO nanoflakes as they can facilitate a strong adhesion
to the substrate and interfacial and large surface area contacts
with MXenes, facilitating a strong adhesion to the substrate.>®
Additionally, using reduced GO in heterostructure formulation
gives several benefits, including good barrier properties for
mitigating oxidation issues,?” facilitating efficient photogener-
ated interfacial charge transfer,®® and improving electrical
conductivity.>®

Therefore, we performed a detailed investigation of the
morphological, structural, electrochemical, and optoelectronic
properties of r-Nb,CT,/GO to design PEC PDs in a reasonable
manner. While compared to pure Nb,CT,, we achieved 6.5-fold
enhanced photoresponsivity of r-Nb,CT,/GO PEC PDs under
ultraviolet (UV) irradiation, coupled with narrow-band photo-
detection features while maintaining optical transparency
(70‘% at 550 nm). These findings substantially contribute to
the development of Nb,CT,-based heterostructures for opto-
electronic applications.

2. Results and discussion

In this study, Nb,CT, and GO aqueous dispersions were used to
fabricate binder-free reduced Nb,CT,/GO (r-Nb,CT,/GO) thin
films for transparent optoelectronic applications. The thin film
fabrication process is summarized in Fig. 1. For comparison,
Nb,CT, thin films were also prepared following the same LbL
procedure but without introducing the GO layer. The morpho-
logy of bare Nb,CT, and GO aqueous dispersion is inspected
first. Nb,CT, shows a nanoflake structure without large-scale
defects, such as holes and superficial oxide particles (Fig. 2a).
Moreover, a typical wavy GO flakes continuous over a large area
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Fig. 2 FESEM images of (a) Nb,CT, and (b) graphene oxide (GO). (c) Absorbance spectra of Nb,CT, and GO aqueous dispersion at a concentration of
50 pg mL™. FESEM images of the LbL r-Nb,CT,/GO thin film showing (d) surface morphology, (e) the magnified view of the surface, and (f) the cross-
sectional view. (g) EDS mapping of r-Nb,CT,/GO. The inset of (c) shows the Tyndall effect of Nb,CT, and GO aqueous dispersion. 'r’ stands for reduced.

with wrinkles is confirmed from Fig. 2b. The EDS spectra of and F can be connected to the surface functional group on the
Nb,CT, (Fig. S1, ESIT) confirm the presence of Nb, C, O, Cl,and MXene surface. On the other hand, GO showed the presence
F, with a negligible amount of Al, which might have originated of C and O (Fig. S2, ESIf). UV-Vis absorbance measurements
from the residual parental MAX phase. The presence of O, Cl, of Nb,CT, and GO aqueous dispersion are shown in Fig. 2c.
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Nb,CT, exhibits a broad absorption in the UV and visible
regions, and dominant absorption at short wavelengths with
an observed band edge at 400 nm, making it suitable for
photon absorber use.'® In contrast, GO is optically transparent
in the visible region but exhibits noticeable peaks in the UV
region (200-250 nm), which is related to various oxygen func-
tional groups.” Both aqueous dispersions showed good colloi-
dal stability, as confirmed by the Tyndall effect (inset of Fig. 2c),
making them suitable for fabricating solution-processed thin
films without needing surfactants.

X-ray diffraction patterns (XRD) of Nb,CT, show the char-
acteristic (002) peak located at 6.8° (Fig. S3a, ESI{), which is in
good agreement with previous Nb,CT, results.***! In the case
of GO, we observe two major peaks located at 10.8° (001) and
27.2° (002) (Fig. S3b, ESI}).** These results confirm the high
quality of Nb,CT, and GO used in this study. Furthermore, the
XRD pattern of r-Nb,CT,/GO thin films shows the characteristic
diffraction peaks of both Nb,CT, and GO without the presence
of other heterogeneous phases, showing high phase purity and
successful formation of the heterostructured thin film (Fig. S4,
ESIT). Fig. 2d and e show the surface morphology of LbL
r-Nb,CT,/GO thin films, which confirms a uniform decoration
of Nb,CT, flakes on transparent GO layers. The Nb,CT,/GO thin
film without thermal reduction is shown in Fig. S5 (ESIt). Upon
reduction, the Nb,CT, is still tightly connected with GO layers,
implying a strong interfacial interaction between these mate-
rials (Fig. 2d). The cross-sectional images indicated that the
r-Nb,CT,/GO nanoflakes are well aligned parallelly onto the
substrate (Fig. 2f). The EDS elemental mapping (Fig. 2g) of the
LbL film shows an even and uniform distribution of Nb, C, O,
and Cl elements, which are the constituent elements of the
heterostructure. For more details, the EDS spectra of r-Nb,CT,/
GO thin films and their corresponding quantification are given
in Fig. S6 (ESIt). To further confirm the chemical composition
and surface chemistry of r-Nb,CT,/GO thin films, we carried
out X-ray photoelectron spectroscopy (XPS) measurements. The
XPS survey spectra (Fig. S7, ESIT) show the strong contribution
of C 1s and O 1s compared to Nb 3d, implying that GO is most
noticeable at the surface of the film and covers Nb,CT, flakes.
Notably, C 1s spectra are fitted by five fitting components, as
shown in Fig. S8a (ESIf). The peak at 284.5 eV corresponds to
sp”> C-C bonding, while the peaks located at 285.7, 286.6, 287.8,
and 288.9 eV can be assigned to sp®> C-C bonding, C-O, C=O0,
and COOH, respectively.*® The high fraction of sp> C-C bond-
ing (Table S1, ESIt) shows evidence of GO reduction. At the
same time, the low contribution from oxygen-containing func-
tional groups further confirms the partial removal of surface
oxygen functionalities of GO.>* The carbide component, which
typically comes from Nb,CT,, cannot be clearly identified in
C 1s spectra, which might be related to the uniform surface
coverage of GO. On the other hand, the Nb 3d signal from
Nb,CT, can be fitted by a doublet component of Nb>" at
207.5 and 210.3 eV (Fig. S8b, ESIt).>* The O 1s spectra can be
fitted with four components located at 531.1, 532.6, 533.5,
and 535.0 eV, corresponding to C-Nb-O,, C=0O, C-O, and
adsorbed H,O at the surface (Fig. S8c, ESIt).*® The occurrence
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of C-Nb-O, implies that Nb,CT, in r-Nb,CT,/GO is terminated
by =O functional groups. The surface roughness of thin films
is critical in optimizing their photodetection performance. AFM
topography images (Fig. S9, ESIT) reveal that the r-Nb,CT,/GO
film exhibits a low root-mean-square roughness of 3.40 nm,
indicating a smooth and continuous surface of the fabricated
film. A smoother surface can reduce light scattering and ensure
more favorable carrier transport and good optical transparency
of the film.**’

Raman spectra were measured to further elucidate the
crystal structure of MXene. Fig. 3a shows Raman spectra of
Nb,CT and r-Nb,CT,/GO thin films. Notably, the MXene region
(50-900 cm™") was fitted to unravel the contribution of each
phonon mode (Fig. S9, ESIT). The peaks are assigned based on
the experimental computational results of Giordano et al.
(Table S2, ESIt).>® The w; (159 cm™') and w; (258 em ™ ') modes
can be assigned to in-plane and out-of-plane Nb,C(OH),. The
@, (209 cm ™) mode corresponds to the phonon mode of out-of-
plane Nb,CO,. Moreover, the », (395 cm™ ") and w; (507 cm ™)
modes correspond to the phonon mode of the -OH functional
group, whereas the ws (685 cm™') mode corresponds to the
oxygen functional group. The last peak of w, (745 cm™) is
originated from the phonon mode of C atoms. Altogether,
Raman spectra confirm Nb,CT, terminated by -OH and =—O
groups without the presence of Raman peaks, originating from
oxide species. We do not observe the contribution from the
phonon modes of the -F terminal group, and the intensity of
—-OH-related modes is relatively weak. This observation is in line
with the previous study, which showed that the =O group is
thermodynamically stable compared to -F and —-OH terminal
groups on the Nb,CT, surface.®® In the amorphous carbon
region (1200-1800 cm ™), we observe broad peaks of D and G
bands originating from the disorder-induced peak and in-plane
vibration of sp” carbon, respectively.’” The presence of these
bands can be related to the synthesis process as reported by
other works.*'"**

In r-Nb,CT,/GO thin films, both vibrational modes from
Nb,CT, and rGO co-exist, confirming the successful fabrication
of the heterostructure. We observe the characteristic D-band
(1347 cm™ ) and G-band (1594 cm ™) of graphitic carbon with
strong intensity. Here, the calculated Iy/I ratio of r-Nb,CT,/GO
(1.24) is higher than those of GO (0.78) and Nb,CT, (0.72)
(Fig. S10, ESIt), indicating the formation of defects during the
reduction process and the decrease of oxidation levels in GO.*
Lower full width at half maximum of the D-band and G-band of
-Nb,CT,/GO than that of Nb,CT, is also observed (Table S3,
ESIt), indicating that the dominant features of sp®-carbon
come from rGO and also the reduction process induced gra-
phitization of amorphous carbon. Additionally, the character-
istic phonon modes of Nb,CT, are preserved without noticeable
niobium oxide-related vibrations. Fig. S11 (ESIt) shows the
curve fitting of Raman modes for r-Nb,CT,/GO in the MXene
region. Most of the peaks in the low-frequency region are blue-
shifted compared to Nb,CT, (Table S4, ESIt), which might be
caused by interfacial charge redistribution and structural mod-
ification of Nb,CT, upon hybridization with rGO.*®*%*°
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Fig. 3

(a) Raman spectra of Nb,CT, and r-Nb,CT,/GO. Transmittance of (b) Nb,CT,/GO with different LbL numbers and (c) different reduction times.

(d) Absorbance spectra of Nb,CT, and r-Nb,CT,/GO. (e) I-V curve of r-Nb,CT,/GO with varying reduction time. (f) Digital photographs of Nb,CT,/GO

and r-Nb,CT,/GO, showing the successful reduction.

We observe an interesting observation in the surface termina-
tion region, where ws intensity is markedly increased in com-
parison to wy, indicating that the =—O functional group
becomes more dominant in the heterostructure compared to
the Nb,CT, counterpart.

To employ the materials for optoelectronic applications, a
material should have excellent optical and electrical properties.
We monitored the optical transmittance changes on Nb,CT,/
GO, acting as a starting film before reduction (Fig. 3b). The
optical transmittance of Nb,CT,/GO decreases across the entire
measured wavelength range as the number of coating layers
increases, indicating that the film absorbs both UV and visible
light more. Fig. 3c shows the effect of reduction time on the
optical transmittance of Nb,CT,/GO-3, where transparency is
decreased by increasing the reduction time. The absorption
spectra of Nb,CT,/GO-3 showed two distinct peaks located at
234 and 298 nm (Fig. 3d), which are the fingerprints of GO. The
former is originated from n-n* transitions of C—=C in amor-
phous carbon, while the latter is connected to n—n* transitions
in C—=0 bonds.*® After reduction, only a single peak located at
271 nm is observed.”” This fact ensures a successful trans-
formation from Nb,CT,/GO to r-Nb,CT,/GO.

To assess the evolution of electrical conductivity upon
reduction, we performed I-V measurements of Nb,C,T, by
varying reduction time (Fig. 3e). In particular, the Nb,CT,/GO-
3 showed no observable I-V curve owing to low electrical
conductivity exceeding the measurement limit of the source
meter, hence not shown in the figure. We begin to observe the
Ohmic I-V response by performing 30 minutes of reduction,
and the electrical conductivity keeps increasing by prolonging

2438 | Nanoscale Horiz., 2025, 10, 2434-2446

the reduction time. The calculated resistance of r-Nb,CT,/GO-3
obtained by 30 minutes reduction is 1.72 GQ, and it markedly
decreased to 85.62 kQ for 60 minutes of reduction and 32.52 kQ
for 120 minutes of reduction (Fig. S12, ESIT). At the same time,
we observe a trade-off between optical transparency and elec-
trical conductivity. It should be noted that at least ~70%
transparency should be maintained to use a material for
transparent optical applications.*® Since the transmittance of
r-Nb,CT,/GO-3 (70% at 550 nm) falls between that of Nb,CT,
(75%) and rGO (61%) (Fig. S13, ESIt), and it shows good
electrical conductivity, we choose r-Nb,CT,/GO-3 with 30 min-
utes of reduction for further analysis. The good optical trans-
parency of the r-Nb,CT,/GO film is also evidenced by digital
photography, where the film maintains its transparency after
reduction (Fig. 3f). Interestingly, the reduction procedure does
not cause peeling of the Nb,CT,/GO thin film, as confirmed
from the tape adhesion test (Fig. S14, ESIt). The film shows
minimal peeling after testing, even in the absence of a poly-
meric binder in the fabrication process. This fact cannot be
achieved with regular drop-casting or spray-coating methods,
where polymeric binders are used.***°

We then tested the environmental stability by assessing the
electrical conductivity of the thin film over time and monitor-
ing the change of Raman spectra after storing the sample under
ambient conditions.”™** This method is more accurate and
straightforward than the common method, which measures the
change of the optical absorbance of the film.>® Fig. 4a shows
that Nb,CT, loses electrical conductivity over time, as indicated
by an increase in the resistivity (R/R,). Whereas, r-Nb,CT,/GO
shows a negligible change in resistivity, indicating a high

This journal is © The Royal Society of Chemistry 2025
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(a) Evolution of the relative resistance of Nb,CT, and r-Nb,CT,/GO measured over time. Raman spectra of (b) Nb,CT, and (c) r-Nb,CT,/GO after

aging. The CV curve of (d) Nb,CT, and (e) r-Nb,CT,/GO at different scan rates. (f) Cycling stability of r-Nb,CT,/GO at a scan rate of 50 mV s™* up to

1000 CV cycles.

oxidation stability of this heterostructure. This high stability is
attributed to the greater hydrophobicity of rGO compared to
MXenes, along with its low gas and water permeability in
ambient air.?**” Additionally, the stabilization effect could be
attributed to the removal of 0>~ ions in the carbon sites of
MXenes using r-ascorbic acids, resulting in lower nucleation
sites for metal oxides’ growth.>?

From the Raman measurement after aging under ambient
conditions, the most striking feature observed in aged-Nb,CT,
is the significant amplification of D- and G-bands relative to the
peaks in the low-frequency region, indicating the dominance of
amorphous carbon (Fig. 4b). An increased graphitization is
observed in aged-Nb,CT,, where we observe a blue shifting of
D- and G-bands and an increment in Ip/I; (Table S5, ESIT).>*
Fitting analysis in the low-frequency region (Fig. S15, ESIf)
reveals a blueshift in the w;, w,, w3, ws, and we peaks, sug-
gesting partial oxidation of Nb atoms. In contrast, w, exhibits a
redshift. These peaks slightly shift by 1-6 cm™', indicating
surface modification upon aging. Furthermore, the w,/w; ratio
is an important parameter to quantify the changes in Nb,CT,
surface chemistry of Nb,CT, due to degradation. In aged-
Nb,CT,, w; becomes dominant, resulting in increased w;/w;
from 0.89 to 1.04, providing evidence for carbon network
disruption (Table S6, ESI).*®

On the other hand, in the case of r-Nb,CT,/GO, we cannot
assess the evolution of amorphous carbon originating from
MXene upon aging, as it is overshadowed by a strong signal
from rGO. However, the degradation study of heterostructures
can still be monitored through fitting analysis in the low-
frequency region (Fig. S16, ESIf). From the fitting results, we

This journal is © The Royal Society of Chemistry 2025

observe a large redshift of all peaks, ranging from 3 to 22 cm ™,

which can be attributed to the removal of intercalated water or
changes in surface functionalities (Table S4, ESI1).>**> On the
other hand, the relative intensity of w; remains largely
unchanged, in contrast to aged-Nb,CT,, indicating minimal
sample degradation (Table S6, ESIt). Thus, the Raman analysis
supports the finding of electrical measurement results, in
which the oxidation stability of Nb,CT, is improved by creating
an interfacial contact with rGO.

After successfully fabricating an optically transparent and
environmentally stable r-Nb,CT,/GO, we explore its multifunc-
tionality as an active electrode in PEC PDs. The previous study
shows that Nb,CT, exhibits a strong absorption from UV to
near-infrared regions, making it promising as a building block
for various optoelectronic devices.'® First, we performed cyclic
voltammetry (CV) measurements to analyze the electrochemical
properties of the thin film. The CV response of Nb,CT, shows
no observable redox peak, with the current densities increasing
with an increase in the scan rate (Fig. 4d). Bare Nb,CT, is
resistive in nature as the CV response is not parallel with the
voltage-axis and more inclined towards the current-axis, which
is in agreement with the electrical properties. Moreover, r-
Nb,CT,/GO shows a more rectangular CV response, implying
better ionic and electronic transport within the film structure
than Nb,CT, alone (Fig. 4e). Additionally, the CV curve retains
its quasi-rectangular shape upon scan rate increment. We
further calculate the areal capacitance (C,) from the CV curve
by taking the linear fitting of current density under various scan
rates, as shown in Fig. S17 (ESIf). Notably, r-Nb,CT,/GO showed
significant improvement in the C, value (84.21 uF cm ™) compared
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to Nb,CTy, (32.90 UF cm™~?). The Cy of r-Nb,CT,/GO is larger than
other transparent films, such as Ti;C,Ty (75.2 uF cm ™2 with 80%
optical transparency),>® and graphene (12.4 uF cm > with 67%
optical transparency).>” A relatively high C, in r-Nb,CT,/GO opens
the possibility of being used as a transparent energy-storage device.
Furthermore, we examined the stability of r-Nb,CT,/GO by perform-
ing continuous CV cycling (Fig. 4f). Here, the film shows
good stability, with a capacity retention of 89% after 1000 cycles
(Fig. S18, ESIY).

To study the electron transport of the heterostructure, the
electrochemical impedance spectroscopy (EIS) spectra have
been measured. Fig. 5a shows the Nyquist plot of Nb,CT, and
r-Nb,CT,/GO. In the case of Nb,CT,, a large semicircle is
observed, indicating charge transfer between the film surface
and the electrolyte. The r-Nb,CT,/GO curve depicts the absence
of a semicircle in the high-frequency region. However, we
observe that the imaginary part of the impedance spectra
changes rapidly moving away from the real axis, indicating an
excellent electrical conductivity of the film.*® r-Nb,CT,/GO
(13.18 Q) exhibits a lower equivalent series resistance compared
to Nb,CT, (17.85 Q). This positive effect can significantly
enhance the photoresponse and stability of r-Nb,CT,/GO as
photoelectrochemical PEC PDs. The properties of the films
were tested in a three-electrode measurement setup using
0.5 M Na,SO, as an electrolyte, as illustrated in Fig. 5b.
To investigate the performance of PEC PDs, we measured
the photocurrent density of Nb,CT, and r-Nb,CT,/GO under
UV light irradiation (Fig. 5c). In particular, the r-Nb,CT,/GO
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heterostructure exhibited a 2.8-fold higher photocurrent
(0.65 pA cm™?) with a typical stable on-off cycling under UV
irradiation compared to Nb,CT, (0.23 pA cm ?). The high
photodetection performance of r-Nb,CT,/GO is attributed to
the improved electrical conductivity and light absorption of the
film. Thus, heterostructure formation provides efficient light
harvesting, accelerated transport of photogenerated charge
carriers, and enhanced charge separation efficiency.’>*® Next,
to further quantify the photodetection performance of the
films, we calculate their photoresponsivity under different light
wavelengths (Fig. 5d).

The obtained photoresponsivity values for Nb,CT and
r-Nb,CT,/GO are summarized in Table S7 (ESIt). Both films
exhibited a dominant photoresponsivity under UV light (365 nm).
A lower photoresponsivity is also observed under violet (395 nm)
and blue light (457 nm), where the photoresponse is considerably
low beyond this wavelength. Therefore, these results indicate that
Nb,CT, and r-Nb,CT,/GO effectively harvest photons in the short
wavelength (365 nm), whereas no noticeable photoresponse is
observed for wavelengths longer than 457 nm. A similar narrow
band (350-400 nm) photoresponse behavior of Nb,CT, was also
reported previously."

Additionally, Gao et al. calculated the work function of -OH-
terminated Nb,CT, to be 3.33 eV, corresponding to the critical
wavelength of dominant photoresponsivity, ie., 365 nm."
The calculated photoresponsivity of Nb,CT, is 7.75 pA w1t at
365 nm, which is significantly enhanced in r-Nb,CT,/GO,
reaching 50.21 pA W' (a 6.5-fold enhancement). Note that
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Fig. 5

(@) Nyquist plot of Nb,CT, and r-Nb,CT,/GO. (b) Schematic illustration of photoelectrochemical measurements of the thin films.

(c) Photoresponse comparison of Nb,CT, and r-Nb,CT,/GO under UV irradiation at a bias potential of 0.6 V. (d) Photoresponsivity of Nb,CT, and
r-Nb,CT,/GO towards different LED wavelengths. (e) Photoresponse behavior of r-Nb,CT,/GO under UV irradiation with various light power densities at
a bias potential of 0.6 V. (f) LSV curves of r-Nb,CT,/GO under UV and blue light irradiation.
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the photoresponsivity value of r-Nb,CT,/GO is much higher
than previously reported Nb,CT, PEC PDs, which exhibited
12.6 pA W' at 1 M KOH.*®

In order to further explore the performance of the r-Nb,CT,/
GO PEC PDs, we measured the photoresponse under UV light
irradiation with different light powers, as depicted in Fig. 5e. Here,
the photocurrent density of r-Nb,CT,/GO can be increased almost
linearly as we increase the illuminated light power, owing to more
photogenerated electron and hole pairs.®" In particular, a 2.3-fold
photocurrent enhancement can be achieved by increasing the light
power from 4.2 to 27.2 mW cm . Interestingly, as the light power
increases, we start to observe a sharp transient peak at a light power
of 20.9 mW cm 2 which further signifies the highest laser
power (27.1 mW cm™?). The peak further exponentially drops
and stabilizes over time before it falls to a dark current when the
light is chopped off. This sharp and instantaneous transient peak is
attributed to the capacitive current, in which the PDs are rapidly
charged when illuminated by relatively large light power. This
behavior can be connected to charge accumulation phenomena
at the heterostructure interface.*® Therefore, the photoresponse of
-Nb,CT,/GO can be tuned by varying light power.

To further evaluate the PEC PD performance, we measured
linear sweep voltammograms (LSV) at a scan rate of 10 mV s~ .
Fig. 5f shows the LSV curves of r-Nb,CT,/GO in the dark and
under UV or blue light irradiation. The results indicate that no
noticeable redox peaks are observed across the measured
potential range. We also observe the presence of anodic photo-
current, with a more pronounced increase in current density
under irradiation with UV compared to blue light. Table S8
(ESIt) compares the photoresponse performance of r-Nb,CT,/
GO with other state-of-the-art nanomaterial-based PEC PDs.
Notably, r-Nb,CT,/GO demonstrates high photoresponsivity
while maintaining excellent optical transparency, which is not
commonly achieved in conventional PEC PDs, as most developed
PEC PDs are opaque in visible light. This combination makes
r-Nb,CT,/GO suitable for see-through optoelectronic devices.
Although some studies have attempted to develop transparent
PEC PDs, they often suffer from limited visible light transmit-
tance (<60%), complex fabrication procedures, and sluggish
photoresponsivity.®*"® Herein, the high photodetection perfor-
mance of r-Nb,CT,/GO can be attributed to several key factors,
including (i) a moderate and optimized electrical conductivity
of r-Nb,CT,/GO, facilitating faster electron transport to the
current collector, (ii) efficient charge separation and transfer
across the r-Nb,CT,/GO interface, and (iii) enhanced light absorp-
tion of r-Nb,CT,/GO compared to standalone Nb,CT,, as observed
in the UV-Vis results.>®** Altogether, this study demonstrates the
promise of r-Nb,CT,/GO thin films for transparent and highly
stable PEC PDs in which the photoresponse performance can be
easily tuned by changing the external parameters.

3. Conclusions

In conclusion, we have successfully fabricated transparent reduced-
Nb,CT,/graphene oxide (r-Nb,CT,/GO) heterostructured thin films

This journal is © The Royal Society of Chemistry 2025
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via a layer-by-layer (LbL) technique and studied their fundamental
optoelectronic properties for use as photoelectrochemical photo-
detectors (PEC PDs). The r-Nb,CT,/GO thin films exhibited excel-
lent optical transparency (70% at 550 nm) coupled with electrical
conductive properties, in which these properties can be easily
tuned by varying LbL numbers. The developed films possessed a
good uniformity that cannot be achieved in conventional MXene
films obtained by drop-casting or spray-coating methods. We also
observed parameter enhancement while hybridizing Nb,CT, with
rGO, including high environmental stability, as revealed by mini-
mal changes in the crystal structure, and stable electrical perfor-
mance when the thin films were stored under ambient conditions.
This high stability can be connected to the great hydrophobicity of
rGO, along with its low gas and water permeability.

In the case of the photoelectrochemical response, the devel-
oped r-Nb,CT,/GO PEC PDs show a highly stable cycling perfor-
mance, as indicated by 89% capacity retention after 1000 cycles.
Additionally, the r-Nb,CT,/GO PEC PDs showed narrow-band
photosensitivity in the UV region, with responsivity enhanced
6.5-fold compared to that of solo Nb,CT,, which further under-
scores the importance of adding rGO in facilitating more efficient
light harvesting and photogenerated charge separation and trans-
port. Interestingly, the photoresponse behavior of the PDs can be
easily tuned by changing the light power, where we start to observe
capacitive current at high incident light power. Altogether, our
results open a new insight into the exploration of transparent and
binder-free MXene-based PEC PDs, paving the way toward their
use in advanced optoelectronic devices. The transparency of PEC
PDs can be further enhanced without compromising electrical
conductivity by controlling MXene surface chemistry and fabricat-
ing thin films composed of large-sized (micron-scale) MXene
flakes, which help in reducing interflake resistance.

4. Experimental

4.1. Materials

Delaminated Nb,CT, MXene paste was acquired from Carbon-
Ukraine. r-Ascorbic acid (LAA, 99% purity), phosphoric acid
(H3PO,, 85 wt%), sulfuric acid (H,SO4, 98 wt%), potassium
permanganate (KMnO,), and Hellmanex III were purchased
from Sigma-Aldrich. 3-Aminopropyltriethoxysilane (APTES,
99%) was purchased from Thermo Scientific Chemicals. Anhy-
drous sodium sulfate (Na,SO,) was purchased from Chempur.
Ethanol (99.8% purity) was purchased from POCH. Isopropanol
(99.9% purity) and glass substrates were purchased from Chem-
land. Indium tin oxide (ITO)-coated glass substrates were
purchased from 3D Nano, Poland. P-type silicon wafers (100)
were purchased from Microshop, Poland. Double distilled
water (DDW) was used in this study.

4.2. Synthesis of graphene oxide

Graphene oxide (GO) was synthesized by modified Hummers’
method. In detail, 5 g of graphite flakes were mechanically
stirred (180 rpm for 1 h) in the mixed solution of 110 mL of
98 wt% H,SO, and 11.5 mL of 85 wt% H;PO,. Thereafter, 15 g
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of KMnO, was gradually added to the reaction mixture in an
ice/water bath (5 °C) and then stirred for 24 h at room
temperature. Finally, the product was washed repeatedly with
DDW by centrifugation until the pH reached ~ 6.

4.3. Thin film preparation

First, the 15 mm x 15 mm substrates (glass, quartz, or ITO)
were sonicated in 2 vol% Hellmanex solution for 20 minutes
at 40 °C. Next, the substrates were rinsed with isopropanol,
followed by DDW. The substrates were then dried in a hotplate
at 80 °C for 5 minutes. To promote substrate hydrophilicity, the
substrate was treated with UV-O; for 1 hour. The substrates
were immersed in 2 vol% APTES in absolute ethanol for
30 minutes at room temperature to enhance the interaction
between the substrate and the material.®® The loosely bonded
APTES was thoroughly removed by rinsing the substrates with
ethanol and DDW. 2 mg mL™~" aqueous dispersion of Nb,CT,
and GO was used as the coating ink. The coating ink was
prepared by uniformly dispersing it in a bath sonicator for
5 minutes (EMAG Emmi 20 HC, 150 W). The thin films were
then fabricated via the spin coating technique (Ossila spin
coater), where 60 pL of the ink was dispensed per cycle (1500 rpm,
20 seconds). The thin films were fabricated using a layer-by-layer
(LbL) assembly technique, where 1 LbL is composed of the GO/
Nb,CT,/GO sandwich structure, following the same structure
proposed by Karmakar et al> The fabricated thin film is labeled
as Nb,CT,/GO-n, where n is the number of LBL. The obtained
Nb,CT,/GO thin films were then reduced using a facile thermal
annealing-assisted LAA treatment. Briefly, as-prepared films were
immersed in 50 mM of LAA solution and heated at 90 °C for 1 hour.
Finally, the reduced Nb,CT,/GO (r-Nb,CT,/GO) films were thor-
oughly rinsed with DDW to remove residual LAA and loosely
bonded Nb,CT, or GO nanoflakes.

4.4. Physical characterization

The morphology of thin films was investigated using field
emission scanning electron microscopy (FESEM, ZEISS SUPRA
40, Jena, Germany). For the FESEM characterization, the thin
films were deposited on Si substrates. The film’s elemental
analysis was analyzed using energy-dispersive X-ray spectro-
scopy (EDS). X-ray diffraction (XRD) patterns were acquired
using a Bruker D8 advanced diffractometer using Cu Ko radia-
tion 0.154 nm (Bruker, Billerica, MA). The measurements were
recorded in 20 mode, while the incidence angle was fixed at 0.2°
(grazing-incidence mode), with a step size of 0.025° and a scan
time of 5 s. The surface topography of thin films was studied
using a NX10 (Park Systems, Korea) atomic force microscope
(AFM). Measurements were taken in the non-contact mode at
room temperature. Scanning was performed over 5 pm x 5 pm
area with a resolution of 512 pixels, and the scanning speed was
set to 0.3 Hz. An all-In-One D (Budgetsensors, Bulgaria) canti-
lever with a force constant of 40 N m ' was used during
measurements. All images and data were processed and calcu-
lated using Gwyddion software.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted using a PHI 5000 VersaProbe II Scanning ESCA
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Microprobe (ULVAC-PHI; Japan) spectrometer. The XPS spectra
were obtained under the following conditions: monochromatic
Al-Ka radiation (hv = 1486.6 €V), an X-ray source operating at
25 W, 15 kV, and a 100 um spot size, and an area of 500 pm?>.
High-resolution XPS spectra were collected with an energy step
size of 0.1 eV and an analyzer pass energy of 23.5 eV. The
obtained XPS spectra were analyzed using CasaXPS software
(v.2.3.22, Casa Software Ltd, United Kingdom) using the sensi-
tivity factors native for the hardware. Deconvolution of all high-
resolution XPS spectra was performed using a Shirley back-
ground and a Gaussian peak shape with 30% Lorentzian
character. The Raman spectra of the films were recorded using
a Renishaw InVia Raman spectrometer with a 514.5 nm laser
and 1800 lines per mm grating spectrometer. We used a 50x
microscope objective, 10 seconds of acquisition time, 10 accu-
mulations, and a low laser power of 0.4 mW to avoid laser-
induced damage to the samples. The spike caused by cosmic
rays was removed using the single-spectrum spike removal
algorithm developed by Coca-Lopez et al.®” For Raman peak
analysis, the recorded Raman spectra were baseline-subtracted
and fitted using a Lorentzian function.®® Multiple spectra were
recorded at different spots on the same sample, and the error
was calculated as the standard deviation.

4.5. Optoelectronic property measurements

The optical properties of the thin films were measured using a
double-beam UV-Visible (UV-Vis) spectrometer (Evolution 220,
Thermo Scientific), where a blank glass was used as the
reference for spectral measurements. The UV-Vis spectra were
recorded with an integration time of 0.1 seconds, a scanning
speed of 600 nm per minute, and a wavelength resolution of
1 nm. Herein, the light was incident on the film side of the
substrates. Moreover, we also deposited the thin film on a
quartz substrate to study the reduction of Nb,CT,/GO in detail.
For electrical measurements, the thin films were deposited on
glass substrates, and silver paste was applied to the edges with
a 1 cm spacing to enable two-probe measurements. The corres-
ponding current-voltage (I-V) curves were measured using a
source meter unit (Keithley SMU 2450, USA), over a voltage
range of —5 to 5 V. To assess the environmental stability, the
thin films were stored under ambient conditions, and their
electrical resistance was monitored over time using a digital
multimeter (Keithley DAQ 6510, USA). Additionally, the Raman
spectra of Nb,CT, and r-Nb,CT,/GO were recorded after 15 and
17 days of ambient exposure to monitor sample degradation
through monitoring the structural and surface chemistry
changes in the materials.*

4.6. Electrochemical measurements

The electrochemical properties of the films were measured in
three-electrode systems using a Metrohm Dropsens potentio-
stat (uStat-i 400s, Asturias, Spain). The binder-free r-Nb,CT,/GO
films coated on the ITO substrate served as the working
electrode, while an Ag/AgCl (in 3 M KCl) and a platinum wire
were employed as the reference and counter electrodes,
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respectively. Electrochemical measurements were conducted
using 0.5 M Na,SO, as the electrolyte.

Cyclic-voltammetry (CV) was measured within a voltage
window of —0.2 to 0.6 V vs. Ag/AgCl with different scan rates
ranging from 10 to 100 mV s~ '. Before measurements,
a conditioning step of 10 cyclic CV was performed with a scan
rate of 50 mV s~ ', This conditioning was intended to promote
the penetration of electrolytes into electrodes.®® The areal
capacitance (C,) is estimated by performing the linear fitting
of current density vs. scan rate, according to eqn (1):

(do/dn) _ i

= (aE/an " SR W

where C,, i, and SR are the areal capacitance, current, and scan
rate, respectively. The electrochemical impedance spectroscopy
(EIS) measurement was performed at the open circuit voltage
under the dark conditions within the frequency range of
0.1-100 kHz and an alternative current amplitude of 10 mV.
The photoelectrochemical (PEC) study was conducted by
irradiating the thin films with an LED source (Photocube,
Photochemical reactor, ThalesNano, Budapest), at various
wavelengths, including 365, 395, 457, 500, 523, and 625 nm.
The light intensity was calibrated with an optical power meter
equipped with a Si sensor (Thorlabs, PM120VA). Chronoam-
perometry measurements were recorded at 0.6 V vs. Ag/AgCl
with an interval of 0.5 seconds. Furthermore, linear sweep
voltammetry (LSV) was scanned in an anodic direction with a
scan rate of 10 mV s~ " under dark conditions and irradiation.
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