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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Reduced graphene oxide (rGO) drop- 
cast onto Ho-doped TiO2 nanotubes 
(rGO–Ho–TNTs).

• Anode photoelectrochemical perfor
mance was optimized by adjusting the 
rGO content.

• The optimized anodes show improved 
e− –h+ separation and a narrower 
bandgap.
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A B S T R A C T

Anatase TiO2 primarily absorbs UV light, but holmium (Ho) doping can achieve visible-light activity. Further
more, reduced graphene oxide (rGO) can enhance the photoelectrochemical (PEC) properties of photocatalytic 
electrodes. It is the first systematic study on Ho-doped TiO2 nanotubes prepared by rGO drop-casting 
(rGO–Ho–TNTs) with systematically controlled rGO content. The photoelectrochemical properties of the nano
tubes for hydrogen evolution via water electrolysis were investigated. The rGO content on the electrode surface 
significantly affects electrode activity, with 1 μg cm− 2 identified as the optimal rGO concentration. The corre
sponding electrode exhibits the highest photocatalytic performance, with a hydrogen evolution rate and 
photocurrent density enhanced by approximately 1.5 times (71.6 μmol cm− 2h− 1) and 1.2 times (7.82 mA cm− 2), 
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respectively, compared with those obtained for pure TNTs. Furthermore, we developed a synergistic solar- 
activated photocatalyst that suppresses the recombination of photogenerated electron–hole (e− /h+) pairs, sta
bilizes the interfacial electronic structure, and promotes charge separation, offering a potential route to high- 
performance water splitting and sustainable energy applications.

1. Introduction

Titanium dioxide (TiO2) is widely used in photoelectrochemical 
(PEC) systems for hydrogen production owing to its, excellent electronic 
band structure, high photochemical stability, low photocorrosion, and 
environmental friendliness [1–3]. However, despite these advantages, 
TiO2 has a relatively wide bandgap (Eg = 3.2 eV for anatase), which 
limits its photocatalytic activity due to the rapid recombination of 
photogenerated electron–hole (e− /h+) pairs [1,3,4]. To overcome this 
limitation, previous studies utilized TiO2 nanotube (TNT) photoanodes 
fabricated by anodic oxidation [2,5,6]; however, their ability to utilize 
light energy remains limited [6–9]. Therefore, to utilize a wider range of 
solar energy, the absorption wavelength range of photocatalysts must be 
expanded, and the rapid recombination of photogenerated e− /h+ pairs 
must be suppressed. Various strategies have been proposed to enhance 
the performance of TiO2 photocatalysts, including metal doping [2,4,7,
8] and the incorporation of carbon allotropes [9,10], which enhance 
electrode performance by suppressing charge recombination through 
electron trapping [2,4,7,8,10].

Various doping strategies have been explored to enhance the per
formance of TiO2, among which lanthanide metal doping has been re
ported to be particularly effective [2,4,7,8,11–14]. Among the 
lanthanides, holmium (Ho) is considered an effective dopant for TiO2. 
When Ho ions are incorporated into the TiO2 lattice, the partially filled 
4f orbitals and empty 5d orbitals enable the absorption of a broader 
range of light wavelengths. This process increases the number of excited 
electrons, thereby reducing the Eg and energy barrier value of the 
rate-limiting step, enhancing photoactivity [8,9,11,14]. However, the 4f 
electrons are shielded by the outer 5s2 and 5p6 orbitals, which limits 
their interaction with the host lattice. At excessive dopant concentra
tions, charge-transfer characteristics can deteriorate due to this shield
ing effect; therefore, optimizing the doping level is crucial [15,16]. 
Oxygen vacancies are generated due to the formation of Ti–O–Ho bonds. 
These oxygen vacancies and Ti3+ states are introduced into the con
duction band (EC), improving charge transport through charge hopping 
and mitigating charge imbalance caused by passivation at the TiO2 
lattice defect sites. As a result, the reaction efficiency increases through 
the trapping effect of photogenerated e− /h+ pairs [11,12]. Furthermore, 
spin-polarized density functional theory calculations based on the 
plane-wave pseudopotential method revealed that the formation of 
surface defects, including oxygen vacancy sites on the surface, 
sub-surface and titanium vacancy sites on the surface, enhances the 
stability of Ho–TNTs. The synergistic effect between Ho-f states and 
surface defects reduces the valance band (Ev) to EC excitation energy 
under visible-light irradiation, facilitating photoexcitation and thereby 
enhancing visible light-driven photocatalytic activity [17].

Recent research trends indicate that carbon allotropes have been 
widely investigated for photothermal conversion [18–21] and photo
catalytic reactions [13,22–24]. Among them, in photocatalytic research, 
graphene has been shown to significantly enhance PEC electrode per
formance owing to its high electrical conductivity and large surface area 
[12]. In particular, graphene oxide (GO) is relatively easy and 
economical to synthesize. However, excessive oxygen-containing func
tional groups (carboxyl, hydroxyl, carbonyl, and epoxide) are generated 
during the oxidation process, leading to numerous structural defects in 
the GO lattice that reduce electrical conductivity. However, converting 
GO into reduced graphene oxide (rGO) through methods such as 
annealing or hydrothermal treatment can enhance the PEC properties, 
suppress the recombination rate of e− /h+ pairs, and increase the 

photoreactive surface area, thereby improving the overall electrode 
performance [13,22–26]. Furthermore, density functional theory sim
ulations indicate that oxygen-containing functional groups on rGO 
(epoxy or hydroxyl) interact with Ti to form Ti–O–C bonds, while the 
plane-averaged charge-density difference upon electron transfer pro
vides evidence for electron migration from rGO to TiO2 [27,28]. The 
resulting interfacial charge redistribution promotes the accumulation of 
electron polarization at the rGO–TiO2 interface and increases the density 
of active sites for photochemical reactions. Therefore, composites con
taining rGO, which exhibits interfacial charge transfer and redistribu
tion, is considered an effective electrode material for 
photoelectrochemical applications [27]. However, in the case of TiO2 
modified solely with rGO, sustained efficiency during long-term opera
tion may be limited due to an increase in internal resistance [29].

Wang et al. [26] fabricated rGO–TNT photoanodes using an anodic 
oxidation method combined with cyclic voltammetry. The photocurrent 
density and photoconversion efficiency of an rGO–TNT electrode were 
approximately 1.3 times (from 5.62 to 7.49 mA cm− 2) and 1.4 times 
(from 3.14 to 4.48%) higher, respectively, than those of pure TNTs. 
Similarly, Cho et al. [9] doped TNTs with erbium (Er) and drop-cast rGO 
to fabricate rGO–Er–TNT electrodes. Compared to pure TNTs, the 
hydrogen evolution rate increased by approximately 10.8 times (from 
10.65 to 115.37 μmol cm− 2h− 1) PCE increased by approximately 7.2 
times (from 0.32 to 2.3%) and the Eg decreased by approximately 0.9 
times (from 2.80 to 2.52 eV). Girisun et al. [30] fabricated Au/rGO@
TiO2 nanorod photoanode DSSC and the efficiency was increased by 
about 1.8 times (from 3.73 to 6.74%). Kavitha et al. [31] fabricated 
rGO@g-C3N4/BiVO4 composite and the efficiency was increased by 
about 1.7 times (from 0.27 to 0.45 %). Yan et al. [32] fabricated a 
Si/rGO/MoS2 composite, achieving a maximum efficiency of 3.4%. 
Previous studies have demonstrated that rGO incorporation increases 
the photogenerated carrier density and open-circuit potential, enhances 
efficiency by suppressing e− /h+ recombination and improving charge 
separation, and reduces the Eg by extending the photoactive and ab
sorption wavelength range [9,13,22–26].

Although several recent studies have investigated the synthesis of 
rGO–noble metal–TNT composites, research on rGO–Ho–TNT compos
ites has not yet been reported, despite evidence that Ho exhibits the best 
PEC photoanode performance among various lanthanide metals [8,9,
26]. Therefore, in this study, rGO–Ho–TNTs were synthesized to 
enhance the light absorption and charge transfer characteristics of 
photoanodes, and their catalytic activities were evaluated through PEC 
analysis and water-splitting experiments. Moreover, to comprehensively 
overcome the limitations of previous studies, the Ho concentration was 
fixed to avoid performance degradation arising from the shielding effect 
at excessive doping levels [15,16], while the excellent electrical con
ductivity of rGO was exploited to reduce the interfacial charge-transfer 
resistance and promote electron transport [29].

2. Materials and methods

2.1. Preparation of pure TNTs and Ho-TNTs

Pure TNTs were prepared by anodization and electrochemical 
doping processes. Ti foil (0.3 mm thick, 99.7%, Goodfellow, England) 
was cut into pieces with dimensions of 2.5 × 5 cm, and surface impu
rities were removed using an ultrasonic cleaner with deionized (DI) 
water and ethanol (C2H6O, Duksan Chemicals Co., Korea) for 30 min 
each. The cleaned Ti foil was then etched with diluted hydrofluoric acid 
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(HF; 48.5–52.0%, Duksan Chemicals Co., Korea), rinsed thoroughly with 
DI water, and dried at room temperature (~25 ◦C) for 24 h [33]. During 

anodization, Ti foil was used as the anode, and Fe foil (0.25 mm thick, 
2.5 × 6 cm) as the cathode. The electrolyte consisted of a mixture of 0.5 

Fig. 1. SEM images of (a) (a) pure TNTs, (b) Ho-TNTs, (c) GO–Ho–TNTs, and (d-f) rGO–Ho–TNTs; EDS spectra of (g) pure TNTs, (h) GO–Ho–TNTs, and (i) 
rGO–Ho–TNTs; (j) scanning transmission electron microscopy elemental maps for rGO–Ho–TNTs. Here, the amount of GO and rGO on the electrode surface is 1 
μg cm− 2.

Fig. 2. (A) Magnified XRD view of the (101) peak for pure TNTs and Ho–TNTs, (B) XRD patterns of the as-prepared samples. Here, (x) represents the amount of rGO 
(μg cm− 2).
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M ammonium fluoride (NH4F; >97%, Junsei Chemical Co., Japan), 2 vol 
% DI water, and ethylene glycol (C2H6O2; >99.5%, Duksan Chemicals 
Co., Korea). Anodization was performed in a two-electrode configura
tion under a constant current of 0.1 A for 150 min. The as-prepared 
amorphous TNTs were washed several times with DI water and dried 
at ~25 ◦C for 2 d. Subsequently, the pure TNTs electrodes were obtained 
by annealing at 450 ◦C for 2 h in an oxygen atmosphere (400 mL min− 1). 
Ho–TNTs were fabricated using a previously prepared amorphous TNT 
electrode as the anode (working electrode), a Pt mesh (52 mesh, 5 × 5 
cm, 99.9%, trace metals basis, Sigma-Aldrich, USA) as the cathode 
(counter electrode), and a precursor solution containing holmium (III) 
nitrate pentahydrate (Ho(NO3)3⋅5H2O, 99.9%, Sigma-Aldrich, USA) as 
the precursor solution. Electrochemical doping was performed for 100 s 
at a current density of − 1.0 mA cm− 2 using a 0.01 wt% Ho precursor 
solution adjusted to pH 7 with 0.01 M sodium hydroxide solution 
(NaOH; Samchun Chemicals Co., Korea) [7]. The doped electrode was 
then rinsed with DI water, dried in a desiccator for 2 d, and subjected to 
heat treatment under the same conditions as the pure TNT electrode.

2.2. Preparation of rGO electrodes

To prepare GO–TNTs, GO–Ho–TNTs, rGO–TNTs, and rGO–Ho–TNTs, 
50 μL of 0.00125 wt% GO dispersion was drop-cast onto the surfaces of 
pure TNTs and Ho–TNTs. The actual amount of rGO was calculated from 
the concentration of the dispersion, in which one 50 μL drop corre
sponded to 0.625 μg of GO. The dispersion solution was then drop-cast 
onto the electrode surface in 0, 4, 8, 16, 32, and 64 drops to obtain rGO 
content of 0, 0.25, 0.5, 1, 2, and 4 μg on a 10 cm2 electrode, respectively. 
After drop-casting, the electrodes were dried for 2 d to obtain GO–TNTs 
and GO–Ho–TNTs, followed by annealing at 450 ◦C for 2 h in an Ar 
atmosphere (400 mL min− 1) to reduce GO to rGO.

2.3. Characterization experiments

Field-emission scanning electron microscopy (FE-SEM; Regulus 
8220; Hitachi, Japan) and energy-dispersive X-ray spectroscopy (EDS; 
65 mm2 SDD, ULTIM MAX, Oxford, UK) were employed to examine the 
surface morphology and elemental composition of the electrodes, 
respectively. The crystalline phases of the samples were identified using 
high-resolution X-ray diffraction (XRD; SmartLab, Rigaku, Japan) with 
Cu Kα radiation (λ = 0.15418 nm, 45 kV and 200 mA) over a 2θ range of 
20◦–80◦. High-resolution Raman spectroscopy (LabRAM HR Evolution 
Visible-NIR, Horiba, Japan) was utilized to confirm the presence of GO 
and rGO and to investigate the chemical bonding states. The catalysts 
were measured over the wavenumber range of 100–3500 cm− 1 using a 
514 nm excitation laser source.

To more precisely determine the chemical bonding states between 
materials, X-ray photoelectron spectroscopy (XPS; NEXSA G2, Thermo 
Fisher Scientific, USA) was performed using a monochromatic Al Kα X- 
ray source. The optical absorption characteristics and Eg of the photo
catalysts were analyzed over the wavelength range of 300–1000 nm 
using ultraviolet–visible diffuse reflectance spectroscopy (UV-DRS; 
SolidSpec-3700, Shimadzu, Japan). Additionally, ultraviolet photo
electron spectroscopy (UPS; NEXSA G2, Thermo Fisher Scientific, USA) 
was used to calculate the EV and EC positions based on the work function 
(Φ), low binding energy (EL), and Fermi level (EF) values obtained from 
band-structure analysis.

2.4. Electrochemical analysis

Electrochemical properties were analyzed using an electrochemical 
analyzer (ZIVE, WonATech, Korea) in a three-electrode system. The 
fabricated photoanode was cut to an appropriate size and mounted on a 
Teflon holder with an exposed photoactive area of 1 cm2 serving as the 
working electrode. A platinum wire (2.6 g, diameter = 1.0 mm, 99.9% 
trace metals basis; Sigma-Aldrich, USA) and a Hg/HgO electrode (1.0 M 
NaOH internal solution) were employed as the counter and reference 
electrodes, respectively. A 0.1 M Na2SO3 aqueous solution was used as 
the electrolyte. SO3

2− has a lower oxidation potential than water and acts 
as a hole scavenger by consuming photogenerated holes, thereby sup
pressing charge recombination and promoting charge separation 
[34–36]. The illumination source was a 1000 W xenon lamp (Newport, 
USA) equipped with a 10 cm infrared water filter. The light intensity was 
calibrated to 44,000 μW cm− 2 using a portable radiometer (UM320, 
Minolta Co., Japan). Electrochemical measurements were sequentially 
conducted in the following order: open-circuit potential (OCP), linear 
sweep voltammetry (LSV), chronoamperometry (CA), photo-conversion 
efficiency (PCE) and electrochemical impedance spectroscopy (EIS).

2.5. Photoelectrochemical water splitting system

The hydrogen evolution rate was measured using a PEC cell using a 
two-electrode system under various conditions. A platinum mesh (1 
cm2) was employed as the counter electrode, while the working elec
trode, electrolyte, and illumination conditions were identical to those 

Table 1 
Structural properties of the as-prepared samples. Here, (x) represents the 
amount of rGO (μg cm− 2).

Samples Cell parameter (Å) Cell volume V 
(Å3)

Crystallite size 
(Å)

a, Å b, Å c, Å

1 Pure TNTs 3.78 3.78 9.49 135.26 338
2 Ho-TNTs 3.79 3.79 9.51 136.28 314

3 (1)GO-TNTs 3.78 3.78 9.51 136.23 351
4 (1)GO-Ho- 

TNTs
3.79 3.79 9.51 136.30 323

5 (1)rGO-TNTs 3.78 3.78 9.51 136.21 280
6 (0.25)rGO- 

Ho-TNTs
3.79 3.79 9.50 136.25 286

7 (0.5)rGO-Ho- 
TNTs

3.78 3.78 9.51 136.21 278

8 (1)rGO-Ho- 
TNTs

3.78 3.78 9.47 135.28 261

9 (2)rGO-Ho- 
TNTs

3.79 3.79 9.49 136.15 269

10 (4)rGO-Ho- 
TNTs

3.78 3.78 9.51 136.23 284

Fig. 3. Raman spectra of the as-prepared samples: (a) pure TNTs, (b) (1) 
GO–TNTs, (c) (1)rGO–TNTs, (d) Ho–TNTs, (e) (1)GO–Ho–TNTs, and (f) 
(1)rGO–Ho–TNTs.
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used in the electrochemical measurements. Before each experiment, the 
reactor was purged with Ar for 30 min to remove residual O2, N2, and 
other gases that might be present in the system. Subsequently, the po
tential difference between the two electrodes was set to 1.5 V using an 
interactive digital source meter (2450 Source meter, Keithley, USA). The 
H2 generated during the water-splitting experiment was quantitatively 
analyzed using gas chromatography (GC; 7890A; Agilent Technologies, 
USA).

3. Results and discussion

3.1. Surface and structural properties

Fig. 1 shows the surface morphology and elemental composition of 
pure TNTs, Ho–TNTs, GO–Ho–TNTs, and rGO–Ho–TNTs obtained by 
SEM and EDS analyses, respectively. As shown in Fig. 1(b), electro
chemical Ho-doping does not affect the basic structure of the TNTs, 
which is characterized by an array of uniform vertical cylindrical 
structures, with pore diameters of 82.4–93.5 nm, wall thicknesses of 
22.5–26.4 nm, and open tops. No impurities were identified in any of the 
samples in Fig. 1(a and b). Fig. 1(c–f) confirm that thin films of GO and 
rGO cover the TNT surfaces.

The EDS results in Fig. 1(g–i) show that the C content of the 
GO–Ho–TNTs is 1.35 wt% higher than that of the Ho–TNTs, confirming 
the formation of a GO layer. Compared to GO–Ho–TNTs, rGO–Ho–TNTs 
show a 0.22 wt% higher C content and 0.74 wt% lower O content, 
indicating that rGO was formed during the reduction process. Finally, 
Fig. 1(j) confirms that the Ti, O, C, and Ho elements are uniformly 

distributed.
The XRD patterns in Fig. 2 were obtained to investigate the varia

tions in crystal phase and crystallite size between the samples. The XRD 
patterns for all samples exhibit the characteristic diffraction peaks of 
anatase TiO2, corresponding to the (101), (103), (004), (200), (105), 
(211), (204), (116), (215), and (301) planes at 2θ = 25.21◦, 36.84◦, 
37.71◦, 47.84◦, 52.93◦, 54.94◦, 62.47◦, 68.57◦, 74.98◦, and 76.11◦, 
respectively (JCPDS No. 00-021-1272). Ho doping and rGO bonding did 
not induce any phase transition, indicating that the anatase TiO2 
structure was well maintained for all samples.

Comparing Fig. 2(a), no distinct Ho-related diffraction peaks are 
observed in the XRD pattern of the Ho-containing samples. However, 
several peaks appear broadened and slightly shifted toward lower angles 
after Ho addition. This is attributed to two main factors. First, Ho ions 
are highly dispersed and present in very small amounts, making their 
diffraction signals difficult to detect by XRD [37,38]. Second, the ionic 
radius of the dopant Ho3+ (0.901 Å) [39] is larger than that of Ti4+

(0.605 Å) [39], which induces lattice tensile strain when Ho atoms 
substitute at Ti sites in the TiO2 lattice [37,38]. Therefore, the lattice 
parameters were found to vary with Ho doping, but structural stability 
was maintained without affecting the crystal phase of TNTs [37,38]. A 
summary of the lattice parameters is provided in Table 1.

As shown in Fig. 2(c–f), characteristic diffraction peaks of GO are not 
observed for GO-containing samples, as the GO content was too low to 
be detected within the sensitivity limit of XRD [40]. As shown in Fig. 2 
(d–g–k), the diffraction peak corresponding to the (002) plane of rGO at 
24.6◦ [26,41] is not clearly observed for the rGO-containing samples, 
likely because of the low rGO content and any small peaks being 

Fig. 4. XPS spectra of the as-prepared samples: (a-f) Ti 2p, (g-l) O 1s, (m-o) Ho 4p, and (p-s) C 1s spectra. Here, the amount of GO and rGO on the electrode surface is 
1 μg cm− 2.
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obscured by the intense anatase TiO2 (101) diffraction peak [41,42]. 
Additionally, TiO2 nanoparticles may have been intercalated between 
GO layers during sample preparation, leading to a partial collapse of the 
typical graphene stacking structure [43]. Instead, the presence of rGO 

(101) was confirmed by diffraction peaks observed around 2θ =
44.3◦–44.4◦ (Fig. 2(d–g–k)). The crystallite sizes, calculated using the 
Scherrer equation [40,42], are summarized in Table 1. After Ho doping 
and rGO drop-casting, a smaller crystallite size is observed compared to 

Fig. 5. (a) UV–DRS spectra and (b) Tauc plots of the as-prepared samples. Here, (x) represents the amount of rGO (μg cm− 2).
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pure TNTs, which is attributed to the delayed crystal growth caused by 
Ho doping [44], the formation of oxygen vacancies, and a decrease in 
crystallite size [45]. A smaller crystallite size is expected to increase the 
hydrogen evolution rate by increasing the photoactive surface area. In 
contrast, the GO-containing samples, (1)GO–TNTs and (1)GO–Ho–TNTs, 
exhibit larger crystallite sizes, which are expected to exhibit reduced 
photoactivity because of the lower photoreactive surface area. There
fore, these samples were not investigated further.

Raman spectroscopy was performed to characterize the chemical and 
structural properties of the samples, and the results are shown in Fig. 3. 
All TiO2-based samples exhibit the characteristic vibrational mode peaks 
of anatase TiO2 at 141.1 cm− 1 (Eg), 198.5 cm− 1 (Eg2), 392.8 cm− 1 (B1g), 
515.7 cm− 1 (A1g + B1g), and 636.6 cm− 1 [46,47]. Fig. 3(d–f) present the 
Raman spectra for Ho–TNTs, (1)GO–Ho–TNTs, and (1)rGO–Ho–TNTs, in 
which additional peaks are observed around 3242 and 3703 cm− 1. These 
were confirmed to be characteristic peaks corresponding to Ho3+, not 
peaks originating from the TiO2 anatase phase [48].

Fig. 3(b, e) show the Raman spectra of (1)GO–TNTs and (1) 
GO–Ho–TNTs, respectively. The spectrum for (1)GO–TNTs shows, peaks 
at 1355.4 cm− 1 (D band) and 1612.2 cm− 1 (G band), while the spectrum 
for (1)GO–Ho–TNTs shows peaks at 1366.1 cm− 1 (D band) and 1605.2 
cm− 1 (G band), confirming the presence of GO on the TiO2 surface. The 
D band is an out-of-plane vibration caused by structural disorder and 
defects (such as sp3 components) in the carbon lattice, and is related to 
the breathing mode of the A1g symmetry k-point phonon. In contrast, the 
G band provides information about the in-plane E2g vibration of aligned 
carbon atoms with sp2 bonds in the first scattering mode [46,49]. The 
relative intensity ratio of the D and G band peaks (ID/IG) is used as an 
indicator of the degree of carbon crystallinity and structural disorder. In 
general, a larger ID/IG indicates a higher degree of defects and disorder, 
generally corresponding to higher electronic conductivity, whereas a 
smaller ID/IG indicates a lower defect density and a higher level of car
bon graphitization [41,46,49]. An ID/IG ratio of 0.995 was calculated for 
(1)GO–Ho–TNTs. In contrast, as shown in Fig. 3(c–f), the characteristic 
D and G band peaks are not observed for either (1)rGO–TNTs or (1) 
rGO–Ho–TNTs. In general, a decrease in ID/IG is accompanied by peak 
broadening and reduced overall intensity, suggesting the reduction of 
GO, a decrease in defect concentration, and the removal of 
oxygen-containing functional groups [46,50,51]. Therefore, these re
sults confirm that GO was successfully reduced to rGO via annealing.

XPS was performed to investigate the chemical bonding and chem
ical state variations based on the Ti 2p, O 1s, C 1s, and Ho 4d spectra for 
each sample, as shown in Fig. 4. The Ti 2p spectrum for pure TNTs (Fig. 4

(a)) exhibits two peaks at 465.46 eV (Ti 2p1/2) and 459.76 eV (Ti 2p3/2), 
corresponding to Ti4+, which is consistent with the anatase phase [26,
44]. For Ho–TNTs (Fig. 4(d)), a red shift in the Ti binding energy is 
observed compared with that of pure TNTs, indicating electron accu
mulation on Ti atoms and the formation of Ti3+ species, both of which 
contribute to enhanced photocatalytic activity [9,26,44]. Furthermore, 
the weak peak at 459.69 eV in the Ti 2p spectrum for (1)rGO–Ho–TNTs 
(Fig. 4(f)) indicates the formation of Ti–O–C bonds between rGO and 
TiO2 [52,53]. This indicates that interfacial charge redistribution at the 
electrode interface mediated by Ti–O–C bonding promotes the accu
mulation of electron polarization, thereby increasing the density of 
active sites for photochemical reactions [27,28].

The O 1s spectrum for pure TNTs (Fig. 4(g)) shows main peaks at 
531.01 and 532.05 eV, assigned to the lattice oxygen of TiO2 and the 
surface hydroxyl groups (–OH) of TiO2, respectively, confirming the 
formation of Ti–O and Ti–OH species [26,54]. In the case of (1) 
rGO–Ho–TNTs (Fig. 4(l)), the binding energies are blue-shifted to 
531.05 and 532.12 eV compared to those for pure TNTs due to Ho 
doping and rGO drop-casting. This shift is likely caused by the formation 
of Ti3+ species, an increase in the number of TiO2 surface oxygen va
cancies, and enhanced electronic interactions within the TiO2 lattice 
[52,54,55].

The Ho 4d spectra (Fig. 4(m–o)) show spin–orbit components of 4d5/ 

2 and 4d3/2 at 162.2 and 167.4 eV, respectively, similar to those of 
Ho2O3, confirming the Ho3+oxidation state [54,56]. In addition, the 
binding energy of the pure Ho 4d peak shifts from 161.8 to 162.2 eV due 
to the influence of Ho–O or Ho–O–C chemical bonding [54,57]. XPS 
results verified the presence of Ho 4f-related bonding on the TNT sur
faces. The synergy between Ho-f states and surface defects promotes 
photoexcitation under illumination by improving charge-carrier pro
cesses, which consequently enhances the photocatalytic activity [17,
54].

In the C 1s spectra (Fig. 4(p–s)), three main bonding peaks are 
identified: C=C/C–C bonds (285.56–285.91 eV, related to sp2 and sp3 

hybridization), C–O bonds (287.23–287.50 eV, related to epoxy and 
hydroxyl groups), and C=O bonds (289.5–290.5 eV, related to carbonyl 
and carboxylic groups) [43,57–59]. For the samples containing GO 
(Fig. 4(p–r)), the C–O and C=O peak area fractions are 56.8% and 
50.8%, respectively, whereas for the samples containing rGO (Fig. 4
(q–s)), these values decrease to 42.8% and 34.7%. This is attributed to 
the effective cleavage of C–O and C=O bonds during annealing, which 
reduces the proportion of oxygen-containing functional groups, indi
cating deoxygenation, i.e., the reduction of GO to rGO [43,57–59]. 
Therefore, based on the XPS Ti 2p, O 1s, Ho 4d, and C 1s binding en
ergies for rGO–Ho–TNTs, it was confirmed that rGO, GO, and Ho are all 
successfully bound to the TNTs.

According to the UV-DRS analysis results (Fig. 5(a)), all samples 
exhibit the typical UV absorption characteristics of anatase TiO2, with 
maximum absorption observed in the UV region (<400 nm) corre
sponding to the electronic transition from O 2p (EV) to Ti 3d (EC) [13,25,
26]. In the Ho-doped samples, the light absorption range extends into 
the visible region, which is attributed to charge transfer between the 4f 
electron level of Ho3+ and the EC or EV of TiO2 [7,14,60,61]. Further
more, the absorption spectra of the rGO-containing samples exhibit a 
noticeable red shift and enhanced absorbance in the UV region 
compared to pure TNTs. Upon light irradiation, the separation efficiency 
of the photogenerated e− /h+ pairs improves, thereby enhancing light 
absorption and photocatalytic activity [24,25]. The oxygen content in 
rGO also affects the Eg, which tends to narrow as the oxygen content 
decreases [53,58]. Among the samples, (1)rGO–Ho–TNTs exhibits the 
highest absorbance in the visible region, effectively generating e− /h+

pairs upon illumination and demonstrating the highest overall efficiency 
among the studied materials. Since TiO2-based materials are indirect 
bandgap semiconductors, the optical Eg (eV) was estimated from the 
Tauc plot (Fig. 5(b)) by extrapolating the linear portion of the (αhv)1ᐟ2 

versus hv curve using Equation (1) [26,62]. 

Table 2 
Band structure parameters of the as-prepared samples relative to the vacuum 
level. Here, (x) represents the amount of rGO (μg cm− 2).

Samples Low 
binding 
energy 
(EL, eV)

Work 
function 
(ϕ, eV)

Valence 
band (EV, 
eV)

Band 
gap 
(Eg, 
eV)

Conduction 
band (EC, eV)

1 Pure 
TNTs

2.94 3.72 − 6.66 3.03 − 3.63

2 (1)rGO- 
TNTs

2.61 3.42 − 6.03 2.88 − 3.15

3 Ho-TNTs 2.87 3.63 − 6.5 2.98 − 3.52
4 (0.25) 

rGO-Ho- 
TNTs

2.69 3.53 − 6.22 2.91 − 3.31

5 (0.5) 
rGO-Ho- 
TNTs

2.59 3.38 − 5.97 2.82 − 3.15

6 (1)rGO- 
Ho-TNTs

2.50 3.25 − 5.68 2.79 − 2.89

7 (2)rGO- 
Ho-TNTs

2.54 3.33 − 5.87 2.81 − 2.81

8 (4)rGO- 
Ho-TNTs

2.66 3.49 − 6.15 2.90 − 2.9
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(αhv)1/2
=A

(
hv − Eg

)
(1) 

Here, α is the absorption coefficient, h is Planck's constant (6.626 ×
10− 34 J s), v is the frequency of light (s− 1), and A is a proportionality 
constant.

The calculated results are summarized in Table 2, showing that the 
Eg values for the Ho- and rGO-containing samples are lower than that of 
pure TNTs. In particular, (1)rGO–Ho–TNTs exhibits the lowest Eg of 
2.79 eV, which is approximately 0.24 eV lower than that of pure TNTs, 
corresponding to a shift in the absorption wavelength from ~410 to 
~445 nm. This lower Eg is attributed to two main factors. First, the 
introduction of new energy levels through doping expands EC, thereby 
broadening the energy range available for electron movement and 
enhancing electron excitation efficiency [55]. Second, according to the 
quantum size effect, in which the semiconductor crystallite size in
fluences the photophysical and spectroscopic properties of the material, 
a decrease in crystallite size leads to stronger exciton confinement and a 
more pronounced shift of the absorption edge [9,14]. This observation is 
consistent with the XRD results, which confirm that the crystallite size of 

(1)rGO–Ho–TNTs is 22.87% lower than that of pure TNTs.
UPS was conducted to determine the Φ of electrodes fabricated with 

Ho, rGO, and TNTs. The Φ represents the energy difference between the 
EF and the vacuum level (EVac) and is defined as the minimum energy 
required to remove an electron from a material's surface. In general, a 
lower Φ facilitates electron transport, thereby increasing electron 
transfer efficiency [63]. The Φ values were calculated using Equation (2)
and are presented in Fig. 6(a). 

Φ= hv −
(
Ecut− off − EF

)
(2) 

Here, hν is the excitation energy (21.2 eV), and Ecut-off (eV) is the sec
ondary cut-off energy. Based on secondary electron emission, the Φ of 
pure TNTs was determined to be 3.72 eV. The Φ values of the other 
samples are as follows: (1)rGO–TNTs (3.42 eV), Ho–TNTs (3.63 eV), 
(0.25)rGO–Ho–TNTs (3.53 eV), (0.5)rGO–Ho–TNTs (3.38 eV), (1) 
rGO–Ho–TNTs (3.25 eV), (2)rGO–Ho–TNTs (3.33 eV), and (4) 
rGO–Ho–TNTs (3.49 eV). Among them, (1)rGO–Ho–TNTs exhibits the 
lowest Φ (Fig. 6(a)–Table 2). Overall, the Φ values of all Ho-doped and 
rGO-drop-cast samples are lower than that of the pure TNTs. This is 

Fig. 6. (a) Work functions and (b) low binding energy plots for the as-prepared samples.
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Fig. 7. (a) Band structures of the as-prepared samples in terms of the reversible hydrogen electrode (RHE) and vacuum level. (b-f) Photoelectrochemical analysis of 
the as-prepared samples: (b) OCP, (c) CA, (d) LSV, (e) PCE, (f) EIS.
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attributed to suppressed recombination of photogenerated e− /h+ pairs, 
as rGO stabilizes the interfacial electronic structure and promotes 
charge separation [26].

The EV values for all samples were determined from the difference 
between the EF and EL obtained from the UPS spectra (Fig. 6(a and b)), 
relative to EVac. Here, EF is represented as the negative value of Φ [64]. 
As summarized in Table 2, the EV values of pure TNTs, (1)rGO–TNTs, 
Ho–TNTs, and (0.25, 0.5, 1, 2, 4)rGO–Ho–TNTs are − 6.66, − 6.03, 
− 6.50, − 6.22, − 5.97, − 5.68, − 5.87, and − 6.15 eV (vs. vacuum level =
0 eV), respectively. Among them, (1)rGO-Ho-TNTs exhibits the highest 
EV (− 5.68 eV). Subsequently, all calculated energy parameters (EL, EF, 
Φ, EV, and EC) were converted to the reversible hydrogen electrode 
(RHE) scale using Equation (3) [64]. 

E(V vs. RHE)= E(EL,EF,Φ, EV,EC) − 4.5 V+0.0591 × pH (3) 

Here, E refers to the measured energy value (EL, EF, Φ, EV, or EC). The 
reference energy levels of − 4.44 eV vs. vacuum (H+/H2) and − 5.67 eV 
vs. vacuum (O2/H2O) were also converted to the RHE scale to compare 
the potentials of the hydrogen and oxygen evolution reactions [8].

The Eg is an intrinsic property determined by the atomic arrange
ment of a semiconductor, and the potentials of the EV and EC correspond 
to fixed energy levels. Fig. 7(a) shows the energy-band diagrams of the 
samples, expressed in two potential units (V vs. RHE and V vs. vacuum 
level), constructed using the Eg, EL, EF, Φ, EV, and EC values obtained 
from the Tauc plots of UV-DRS and UPS data. A comparison of pure TNTs 
and heterojunctions (with Ho and rGO) shows that the modification of 
the TNTs facilitates the migration and separation of photogenerated 
charge carriers and shifts EV in the negative direction, resulting in a 
narrower Eg Refs. [9,64,65]. In particular, when rGO, a nonmetallic 
material with high electrical conductivity, and Ho, a metallic dopant 
with a broad light absorption range, are incorporated into TNTs to form 
the rGO–Ho–TNT ternary architecture, the system effectively accepts 

and transfers electrons generated by TiO2 or Ho under UV–visible light 
irradiation. This efficient electron-transfer process enhances photocur
rent generation by suppressing e− /h+ recombination [44,65], thereby 
expanding the light absorption range of TiO2 and shifting the absorption 
edge toward the visible region. Consequently, the photoexcited elec
trons at the electrode interface are transferred from the EC of the TNTs to 
Ho or rGO, where they react with H2O or H+ ions to produce H2 [23].

3.2. Photoelectrochemical properties

Fig. 7(b–f) shows the OCP, CA, LSV, PCE, EIS results for pure TNTs, 
(1)rGO–TNTs, Ho–TNTs, and (0.25, 0.5, 1, 2, 4)rGO–Ho–TNTs. Fig. 7(b) 
shows the OCP results, which indicate the potential difference between 
the photoanode and cathode in the absence of an external bias. The 
measurements were performed under alternating light/dark conditions 
at 60 s intervals. Under dark conditions, the EF is farthest from the 
conduction band minimum (ECB), resulting in a low OCPdark. Under light 
conditions, the quasi-Fermi level (EqF) shifts closer to the ECB, yielding a 
higher OCPlight [8,66]. As shown in Table 3, the (1)rGO–Ho–TNT elec
trode exhibits the highest OCP of 0.577 V (vs. Hg/HgO). This suggests 
that rGO drop-casting significantly enhances the separation efficiency of 
photogenerated e− /h+ pairs within the photoanode [26]. In general, a 
higher OCP corresponds to a higher photovoltage, carrier concentration, 
and carrier mobility of the photoanode, and suppressed e− /h+ recom
bination, thereby enhancing the photocurrent density [66,67].

The CA analysis results (Fig. 7(c)) show the photocurrent density and 
energy conversion efficiency as functions of charge transfer suppression 
and e− /h+ recombination rates at the electrode–electrolyte interface 
[65]. Under light/dark cycles at 60 s intervals under an applied potential 
of 1.5 V (vs. Hg/HgO), the photocurrent rapidly increases under illu
mination and then quickly decays in the dark, reaching a stable equi
librium state. Among the samples, (1)rGO–Ho–TNTs exhibits the highest 
photocurrent density, which is approximately 1.7 and 1.3 times higher 
than those of pure TNTs and Ho–TNTs, respectively. This enhancement 
is attributed to the superior electron-accepting capability and high 
electrical conductivity of rGO, which effectively suppresses charge 
recombination [65].

Fig. 7(d) illustrates the photocurrent density–voltage (J–V) charac
teristics measured over the potential range of − 1.0 to 2.0 V (vs. Hg/ 
HgO). Pure TNTs generate the smallest J, which steadily increases with 
Ho doping and rGO drop-casting. Among all samples, the (1) 
rGO–Ho–TNT electrode exhibits the highest J, even at low voltages, 
reaching 7.476 mA cm− 2 at 1.23 V (vs. Hg/HgO). The improved sepa
ration and transport of photoexcited e− /h+ pairs significantly enhances 
J [68].

Fig. 7(e) presents the PCE, which quantifies the conversion of inci
dent light into electrical energy and serves as a key performance metric 
for PEC electrodes. The PCE was calculated from the LSV results (Table 3
and Fig. 7(d)) using the following equation [69]: 

η= I × (1.23 − Vbias)

Plight
× 100% (4) 

where η, I, Vbias, and Plight denote the PCE (%), measured photocurrent 
density (A cm− 2), applied potential (V vs. RHE), and incident light in
tensity (W cm− 2), respectively. The PCE values of the samples were 
1.00%, 1.46%, 1.16%, 1.31%, 1.47%, 1.53%, 1.48%, and 1.32%. 
(Table 3) Notably, the PCE of (1) rGO–Ho–TNTs was 1.53, 1.32, and 
1.05 times higher than those of pure TNTs, Ho–TNTs, and (1)rGO–TNTs, 
respectively.

Fig. 7(f) shows the Nyquist plots obtained from EIS measurements, 
which were fitted using the inset equivalent circuit model. The EIS 
measurements were performed at a bias potential of − 0.5 V over a fre
quency range of 105–10− 2 Hz. Here, Rs (solution resistance) is the ohmic 
resistance of the electrolyte–substrate interface, and Rct (charge-transfer 
resistance) is the charge-transfer resistance associated with oxidation at 

Table 3 
Open-circuit potential (OCP), photocurrent density, photo-conversion efficiency 
obtained from electrochemical analysis.

Sample OCP 
value 
(V vs. 
Hg/ 
HgO)

OCPlight_on 

(V vs. Hg/ 
HgO)

OCPlight_off 

(V vs. Hg/ 
HgO)

Photocurrent 
density (mA 
cm− 2) @ 1.23 
V vs. Hg/HgO

Photo- 
conversion 
efficiency 
(%) 
@ 0.1V 
RHE

Pure 
TNTs

0.480 − 0.647 − 0.167 4.519 1.00

(1) 
rGO- 
TNTs

0.547 − 0.712 − 0.166 6.846 1.46

Ho- 
TNTs

0.502 − 0.688 − 0.187 5.821 1.16

(0.25) 
rGO- 
Ho- 
TNTs

0.522 − 0.698 − 0.176 6.394 1.31

(0.5) 
rGO- 
Ho- 
TNTs

0.557 − 0.732 − 0.175 7.153 1.47

(1) 
rGO- 
Ho- 
TNTs

0.577 − 0.727 − 0.149 7.476 1.53

(2) 
rGO- 
Ho- 
TNTs

0.565 − 0.737 − 0.172 7.165 1.48

(4) 
rGO- 
Ho- 
TNTs

0.536 − 0.682 − 0.146 6.472 1.32
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the photoanode/electrolyte interface. The Rct values decrease in the 
following order: pure TNTs > Ho–TNTs > (0.25)rGO–Ho–TNTs > (4) 
rGO–Ho–TNTs > (1)rGO–TNTs > (0.5)rGO–Ho–TNTs > (2) 
rGO–Ho–TNTs > (1)rGO–Ho–TNTs. Overall, a concurrent decrease in 
Rct and increase in constant phase element (CPE; interfacial capacitance) 
are observed. This trend is attributable to impurity energy levels intro
duced by Ho doping and rGO drop-casting, which create additional 
electronic states and hopping sites, thereby promoting charge transfer 
across the electrode–electrolyte interface. Accordingly, the improved 
PEC performance can be attributed to accelerated interfacial charge 
separation and transport enabled by the impurity energy levels [65,70,
71].

Overall, the PEC results (Fig. 7(b–f)) and supporting analyses 
demonstrate a consistent performance trend, identifying 1 μg cm− 2 as 
the optimum rGO loading for achieving maximum PEC performance.

3.3. Photoelectrochemical performance of rGO–Ho–TNTs

The energy diagram in Fig. 7(a) shows that all samples possess H+/ 
H2 and O2/H2O potentials located within their Eg, indicating that they 
are suitable for PEC water splitting. Fig. 8(a) presents the average 
hydrogen evolution rate and average J for each sample, confirming the 
synergistic effects associated with variations in Ho doping and rGO 

content. The overall performance enhancement follows the trend: pure 
TNTs < Ho–TNTs < (0.25)rGO–Ho–TNTs < (4)rGO–Ho–TNTs < (1) 
rGO–TNTs < (0.5)rGO–Ho–TNTs < (2)rGO–Ho–TNTs < (1) 
rGO–Ho–TNTs.

Among all samples, the (1)rGO–Ho–TNT electrode exhibits the best 
performance. The hydrogen evolution rate and J are approximately 1.5 
and 1.2 times higher than those of pure TNTs and approximately 1.3 and 
1.1 times higher than those of Ho–TNTs, respectively. The enhanced 
hydrogen evolution rate and J are attributed to the expansion of the 
light-absorption wavelength range and higher photoreaction rate, 
resulting from the lower Φ and narrower Eg. Additionally, Fig. 8(b) 
presents the stability evaluation results for the (1)rGO–Ho–TNT elec
trode. The hydrogen evolution test was performed for 1 h under illu
mination, followed by Ar purging for 1 h in the dark, and this cycle was 
repeated five times. As a result, it was confirmed that the hydrogen 
generation activity remains stable during repeated cycles. Fig. 8(c) 
shows the electrode surface after the durability test. SEM images 
confirmed the preservation of the nanotube structure and the rGO 
coating, with no observable evidence of structural damage or collapse. 
EDS analysis revealed no significant changes in the major elemental 
composition compared with the initial electrode, confirming composi
tional stability. These results confirm that the electrode maintained 
structural and chemical stability under repeated PEC test.

Fig. 8. (a) Hydrogen evolution rate and average current density of the as-prepared samples. (b) Durability of (1)rGO-Ho-TNTs over five consecutive cycles, (c) SEM 
and EDS analysis of (1)rGO-Ho-TNTs after durability test.
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4. Conclusion

Binary and ternary composite electrodes (Ho–TNTs and 
rGO–Ho–TNTs) were successfully fabricated via anodization, electro
chemical doping using Ho aqueous solutions, and drop-casting of 
controlled rGO concentrations. The rGO loading on the electrode surface 
was identified as a key parameter significantly affecting the electrode 
performance. Based on band-structure using XPS, UPS, and UV-DRS 
(Tauc plots), (1)rGO–Ho–TNTs exhibited the smallest crystallite size 
(261 Å), the lowest work function (3.25 eV), and the narrowest bandgap 
(2.79 eV) among the prepared electrodes. These structural and elec
tronic features of the composite material facilitate broader light ab
sorption and efficient suppression of e− /h+ recombination, thereby 
increasing the photocurrent and photocatalytic activity. In electro
chemical analysis, (1)rGO–Ho–TNTs exhibited 20.2% improved open 
open-circuit potential circuit potential and 65.4% increased photocur
rent density compared to pure TNTs. In PEC water splitting experiments, 
the hydrogen evolution rate improved by 45.8% compared to pure TNTs 
and 24.5% compared to Ho–TNTs. In addition, the PCE of (1) 
rGO–Ho–TNTs was 1.5, 1.1, and 1.4 times that of pure TNTs, Ho–TNTs, 
and (1)rGO–TNTs, respectively. This study demonstrated that photo
catalytic performance can be improved by introducing impurity energy 
levels utilizing holmium ions and optimizing the rGO drop-cast con
centration. These results are expected to stimulate further research on 
photoanodes decorated with various elements and rGO for sustainable 
hydrogen production, including PEC water splitting and solar-driven H2 
generation.
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Glossary

Ho Holmium
GO Graphene oxide
rGO Reduced graphene oxide
TNTs TiO2 nanotubes
(x) The amount of rGO (μg cm− 2)
e− /h+ Electron/hole
EV Valance band
EC Conduction band

EL Low binding energy
EF Fermi level
Φ Work function
EVac Vacuum level
ECB Conduction band minimum
EqF Quasi-Fermi level
Ecu-off Secondary cut-off energy
hv Photon (excitation) energy
J Photocurrent density (mA cm− 2)
Rs Solution resistance (Ω)
Rct Charge-transfer resistance (Ω)
CPE Constant phase element (interfacial capacitance)
Z′ Real part of impedance (Ω)
− Z″ Negative imaginary part of impedance (Ω)
n CPE exponent (dimensionless)
Q CPE constant (units vary with n)
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