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The application of transition metal oxides in optoelectronics holds significant promise. However, their performance is
often limited by small polaron hopping, a charge transport mechanism that reduces carrier mobility and collection efficiency.
Therefore, improving small polaron hopping is crucial for enhancing charge collection. In this work, we propose a direct
approach to effectively enhance the photoelectrochemical (PEC) performance of hematite by leveraging the thermal nature
of polaron hopping. As a result, a photocurrent density of 4.53 mA/cm? at 1.23 V vs. RHE was achieved by heating
the photoanode to 70 °C. By combining carrier dynamics analysis with charge collection modeling, we demonstrate that
heating facilitates small polaron hopping, thereby increasing carrier mobility and improving the collection efficiency of
hematite photoanodes. Our work provides clear explanations of the thermal-activated small polaron hopping mechanism,
offering a simple yet effective strategy for enhancing the PEC performance of transition metal oxides.

Keywords: small polaron hopping, hematite, thermal activation, transfer matrix model
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1. Introduction

Photoelectrochemical (PEC) technology offers a promis-
ing route for converting solar energy directly into chemical
fuels.[:2 In a PEC device, a semiconductor photoelectrode ab-
sorbs light to generate charge carriers, which then separate and
migrate to the surface to drive redox reactions.*! Hematite (-
Fe,03) is a particularly attractive photoanode material for this
purpose due to its earth-abundant, chemical stability, and ideal
band gap (2.1 eV) for visible light absorption.*7! However,
despite these advantages, the practical application of hematite
is severely limited by its intrinsically poor carrier transport
properties, which lead to high rates of electron—hole recom-
bination and consequently low energy conversion efficiency
(Fig. 1(a)).l-10]

The root of this poor performance lies in the formation
of small polarons, a process greatly facilitated by intrinsic de-
fects within the material.[®!%11] Under photoexcitation, elec-
trons in a-Fe,O3 will hop from O 2p orbitals to Fe 3d or-
bitals (Fig. 1(b).1*! Instead of moving freely through the
crystal lattice, photoexcited electrons localize on iron atoms,
creating a localized lattice distortion, known as a small po-
laron. This intense localization creates a strong electrostatic
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fCorresponding author. E-mail: youweizhang@hust.edu.cn
$Corresponding author. E-mail: bzhu@bit.edu.cn
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interaction that physically distorts the surrounding lattice.*!?!
Charge transport then occurs via a slow, thermally-activated
“hopping” of these polarons between lattice sites, rather than
through fast band-like conduction (Fig. 1(b;)).[!3-15 Oxygen
vacancies (Oy) are intrinsic defects in «-Fe,O3, and act as
trapping sites that further localize polarons and exacerbate
recombination.[16-17]

To address this critical transport limitation, research has
primarily focused on strategies like elemental doping and sur-
face passivation. Doping can modify the electronic environ-
ment to lower the energy barrier for polaron hopping, while
surface passivation aims to reduce the density of surface de-
fects (including Oy).!'8291 While effective to some extent,
these methods often involve complex, multi-step fabrication
processes that may introduce impurities or create secondary
issues. We propose a more direct approach: leveraging the
thermal nature of polaron hopping.[!%142122] Since hopping
is a thermally-activated process, raising the temperature can
increase the hopping frequency and liberate polarons from
trapping sites, effectively increasing charge carrier mobility
(Fig. 1(bj;)).110:1121.23]
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Fig. 1. Mechanism of the effect of small polaron hopping on carrier transport. (a) Schematic of carrier transport from the photoanode to the
electrolyte—photoanode interface after photoexcitation. (b) Diagrams illustrating the formation of small polarons and the enhancement of their

activity along with the corresponding energy band plots.

In this work, we thoroughly investigated the thermally-
regulated dynamics of small polarons in a-Fe,O3 combining
computational and experimental approaches. Annealing -
Fe,O3 samples in an argon atmosphere increases the concen-
tration of Oy, giving rise to defect states within the band gap
as indicated by density functional theory (DFT) calculations.
This increases the probability of small polaron formation, fa-
cilitating our study of small polarons within the samples. Cal-
culations of carrier separation and injection efficiency, as well
as mobility tests, demonstrate that temperature elevation pro-
motes small polaron hopping and increases the carrier mobil-
ity, which is the primary reason for the enhanced PEC per-
formance. Ultimately, analysis of the spatial loss rate (SLR)
suggests that elevated temperature enhances the carrier collec-
tion efficiency. Our work provides a practical and effective ap-
proach for enhancing the water-splitting performance of small
polaron dominated transition metal oxides.

2. Results and discussion
2.1. Material characterization

Figure 2(a) depicts a cross-section scanning electron mi-
croscope (SEM) of a-Fe;03, with an approximate thickness
of 200 nm. The plane-view SEM and energy dispersive spec-
trometer (EDS) are available in Figs. S1 and S2.1**! X-ray
diffraction (XRD) was performed on the film after being an-
nealed at 700 °C in an argon atmosphere on an FTO sub-
strate. The resulting pattern demonstrates that the a-Fe; O3 is
well-oriented on the (110) crystal plane (Fig. 2(d)).[*1 XRD
patterns of other treated hematite samples are presented in

Fig. S3. To probe the effect of the annealing atmosphere, x-
ray photoelectron spectroscopy (XPS) was used. The spec-
tra for the O 1s orbitals (Figs. 2(b) and 2(c)) indicate that the
argon annealing process yields a higher concentration of Oy
compared to annealing in air.!%2%?’l DFT calculations were
performed to understand the electronic impact of these vacan-
cies. The calculated density of states (DOS) and energy band
structures (Fig. S4) show that introducing Oy creates a new
defect state at the bottom of the conduction band (Fig. 2(f)),
which is absent in the defect-free a-Fe,O3 (Fig. 2(e)). Such
a defect state, positioned within the band gap or slightly be-
low the CBM, serves as an electron trapping site, leading to
significant charge localization and concomitant local lattice
distortions, key hallmarks of small polaron formation.!!>-28!
This phenomenon is critical for understanding charge trans-
port and photocatalytic activity in ®-Fe;O3. Therefore, to
study this phenomenon in depth, the argon-treated o-Fe,O3
samples with higher vacancy concentration were selected for
all subsequent experiments.

Figure 2(g) illustrates in-situ Raman spectra of the o-
Fe, O3, recorded using 633 nm optical excitation at tempera-
tures ranging from room temperature down to —180 °C. It can
be observed that the intensity of each peak decreases in pro-
portion to the increase in temperature, and the Raman peaks
are red-shifted.[>*% This is because higher temperatures en-
hance phonon—phonon interactions and anharmonic electron—
phonon coupling.[3%-3%) These intensified interactions weaken
the strong coupling between electrons and specific phonon
modes, thereby reducing the localization of small polarons.
This, in turn, strengthens lattice vibrations, causing the red

058201-2


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae37fc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae37fc
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae37fc

Chin. Phys. B 35, 058201 (2026)

shift of the Raman peaks.**-3?! Simultaneously, the lattice un-
dergoes thermal expansion, leading to a shallower depth of
the localized lattice distortion potential well and lowering the
energy barrier for confining small polarons. Meanwhile, the
lattice thermal expansion also weakens thermal conductivity

3032 These synergis-

and reduces the Raman peak intensity.|
tic effects collectively lower the activation energy required for
small polarons hopping, enhancing the charge transport capa-
bilities. The Raman spectrum taken at room temperature with

532 nm photoexcitation is provided in Fig. S5.
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Fig. 2. Material characterization. (a) Cross-section SEM of a-Fe, O3 film; XPS image of O 1s orbitals of o-Fe,Oj3 treated in (b) argon and
(c) air; (d) XRD spectrum of ¢-Fe,O3 annealed in argon at 700 °C; DOS of a-Fe,;03 (f) with and (e) without additional Oy. (g) Variable

temperature Raman spectra of o-Fe, O3 in different wavelength ranges.

2.2. Thermally-regulated PEC performance

The PEC characteristics of the argon-treated o-Fe;O3
photoelectrodes were investigated, focusing on the effects of
operating temperature. Linear scan voltammetry (LSV) under
simulated AM 1.5G solar illumination shows that heating the
system significantly boosts performance (Fig. 3(a)). Figure S6
shows that introducing Oy results in a greater increase in per-
formance after heating. At a potential of 1.23 V vs. RHE, the
net photocurrent density increased by a factor of 1.69, rising
from 2.68 mA/cm? at 25 °C to 4.53 mA/cm? at 70 °C. This en-
hancement is supported by incident photon-to-current conver-
sion efficiency (IPCE) measurements (Fig. 3(b)), which show
a 1.6-fold increase at a wavelength of 360 nm at 70 °C com-
pared to room temperature. These results clearly demonstrate
that heating is a simple and effective technique for improving
the photoelectrode’s performance.

To determine the cause of this improvement, the phys-
ical properties of the a-Fe,O3 film were analyzed. The
light absorption increased only marginally upon heating and
is thus an unlikely contributor to the large performance gain
(Fig. S7). Similarly, Mott—Schottky analysis (Fig. 3(c)) re-

vealed that the carrier concentration rose only slightly, from
5.2%x10" cm~3 at 25 °C to 7.1x 10! cm=3 at 70 °C (the de-
tailed calculation procedure is described in Eq. (S1)). In con-
trast, electrochemical impedance spectroscopy (EIS) showed
a notable reduction in the impedance arc radius upon heat-
ing, which corresponds to a lower charge transfer resistance
and more efficient charge transfer at the electrode—electrolyte
interface (Fig. 3(d)).[%1020:23] Figure S8 presents the signif-
icantly increased absorbed photon to current conversion effi-
ciency (APCE) of a-Fe,Os3 at elevated temperatures, corre-
sponding to the improved charge collection, as calculated in
detail in Eq. (S2).

The most critical factor was identified by analyzing the
transfer curves (Figs. 3(e) and 3(f)). From this, the carrier mo-
bility increased dramatically by approximately 6.5 times, from
2.99x1073 cm?/(V-s) at 25 °C to 1.943x 1072 cm?/(V's) at
70 °C, as calculated in Eq. (S3).1*3 Therefore, we conclude
that the improved PEC performance is primarily driven by the
thermally-enhanced carrier mobility. This facilitates the hop-
ping of small polarons within the bulk a-Fe,O3, leading to
superior charge separation and transfer efficiency.
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Fig. 3. Temperature-regulated PEC performance of a-Fe;03. (a) LSV curves of a-Fe; 03 annealed in argon at various temperatures; (b) IPCE,
(c) MS, and (d) EIS curves of a-Fe,O3 measured at 25 °C and 70 °C. Transfer curves of a-Fe, O3 measured at (¢) 25 °C and (f) 70 °C.

Additionally, the o-Fe,Os3 film demonstrates promising
operational stability. Chronopotentiometry (CP) testing at
70 °C (Fig. S9(a)) reveals an initial gradual increase in current,
followed by stabilization and a slight decrease. The transient
current spike observed around 32000 s is likely attributable to
the detachment of bubbles from the electrode surface. Post-
test characterization confirms the structural and chemical in-
tegrity of the film. The O 1s XPS spectra (Fig. S9(d)) remain
virtually unchanged, showing no indication of excessive oxy-
gen vacancy formation. XRD patterns (Figs. S9(b) and S9(e))
exhibit no peak shifts or new phases, ruling out any phase
transformation. Furthermore, SEM images (Figs. S9(c) and
S9(f)) confirm that the film remains adherent and intact, with
no signs of delamination or morphological degradation. Col-
lectively, these results confirm that the -Fe; O3 film retains its
original morphology, crystal structure, and surface chemistry
after 12 h of continuous operation at elevated temperature, un-
derscoring its robust stability.

2.3. Thermally-activated carrier dynamics

Elevating the temperature of ¢-Fe,O3 samples promotes
the small polaron hopping, which in turn improves the charge

10231 To confirm this, we

separation and injection efficiency.!
measured these efficiencies under simulated solar irradiation.
Furthermore, the role of small polarons in different hopping
modes was tested under 360 nm and 525 nm monochro-
matic light, corresponding to ligand-to-metal charge transfer

34.35] Calculations

(LMCT) and d—d transitions, respectively.|
of the theoretical maximum photocurrent densities for three
wavelengths and the charge separation and injection efficiency
are given in Egs. (S4)—(S6).

Figure 4(a) shows the charge injection (7;,j) and separa-

tion (7sep) efficiencies of a-Fe, O3 under simulated solar light.

While heating improves both, the enhancement in 1)y, is more
pronounced. These values were calculated by the following

equations:
Ninj (70 °C) — Ninj (25 °C)
Alinj = 100% 1
nlnj T’inj (25 OC) X 0, ( )
Nsep(70 °C) — Nsep(25 °C)
AMlsep = x100%, (2
Nsep nsep(zs °C) o 2)
Olinj = ANinj / (ANinj + ATlsep) x 100%, 3)
Osep = Ansep/(AT[inj +Ansep) x 100%, 4)

where Anj,; and Anse, represent the percentage increases in
charge injection and separation efficiencies, while o, and
0O4ep Tepresent the percentage increases in charge injection and
separation efficiencies as percentages of the total increase. As
detailed in Fig. 4(b), which quantifies these percentage in-
creases at different potentials, the photocurrent gain is primar-
ily due to improved charge separation. This confirms that heat-
ing’s main effect is to facilitate small polaron hopping.

This mechanism is consistent under monochromatic light.
Figs. 4(c) and 4(e) present 7);y; and 7)sep under 360 nm and
525 nm light, respectively, with their contributions to pho-
tocurrent shown in Figs. 4(d) and 4(f). Under 360 nm
light, which excites carriers via LMCT, the absolute 7gep is
higher.®*! LMCT, in Fig. 4(h), involving electron excitation
from O 2p to Fe 3d orbitals, directly generates mobile carri-
ers that contribute to photocurrent.?*36! Under 525 nm light,
which induces a d—-d transition, the percentage increase in
Tsep Upon heating is greater (Fig. 4(g)).’* The d—d transi-
tion is more localized (Fig. 4(i)), creates more small polarons,

736371 Conse-

and does not directly produce mobile carriers.|
quently, heating has a more significant relative effect by pro-

moting small polaron hopping in this regime.
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Fig. 4. Temperature-regulated carrier dynamics. (a) Injection, separation efficiencies and (b) their corresponding percentage increases of o-
Fe, O3 under simulated solar light illumination, (c) and (d) 360 nm monochromatic light illumination, and (e) and (f) 525 nm monochromatic
light illumination. (g) Comparison of the percentage increase of separation efficiencies under 525 nm and 360 nm monochromatic light.

Schematic of (h) LMCT transition and (i) d—d transition.

To further validate this, we compared o-Fe,O3 samples
annealed in argon (creating more Oy and small polarons) with
those annealed in air under solar light (Fig. S10). As expected,
the argon-annealed samples showed a significantly larger in-
crease in separation efficiency and photocurrent density after
heating. This directly demonstrates that enhancing small po-
laron hopping is crucial for improving PEC performance.

2.4. Carrier collection analysis

To evaluate carrier collection and loss during photo-
electrode operation intuitively, we employ an optical model
based on the transfer matrix method (TMM).[9-38:391 Accurate
measurement of the optical constants of thin films is a pre-
requisite for the construction of the transport matrix model.
In this work, a multi-angle elliptical polarimeter combined
with parameter fitting was used to extract the optical con-
stants of a-Fe,O3 thin film, and detailed optical constants
n and k are provided in Fig. S11. The detailed calculation
process is provided in Eqgs. (S7)—(S11). Figure 5(a) depicts
a schematic of the model’s structure, assuming that the «-
Fe,O3; photoelectrode anode is one-dimensional and has a
completely flat surface. As can be seen, the incident light
must pass through numerous layers of media, and phase can-
cellation is utilized to deal with repeated reflections from
incoherent layers. The film’s optical constants were even-
tually employed to calculate the position-dependent photo-
generated carrier generation profile within the active layer,

as illustrated in Fig. 5(b). The results reveal that the carrier
generation rate G(Z) decreases dramatically from surface to
film. As previously stated, the regularization procedure gen-
erates SLR curve for each IPCE spectrum, which reflects the
system’s carrier collection characteristics.!”-%-3-3% Figure 5(c)
depicts the SLR curve obtained from Fig. 3(b), revealing that
the majority of the collected carriers are created within the
first 100 nm of the electrode surface. Figure 5(c) shows that
the SLR of a-Fe,O3 at 70 °C is much lower than that at

(a) (b)1.2
— —— a-Fe;O3 200 nm
&
i
§
208
- ]
RN
N =
Air Quartz H,O a-Fe;03 FTO Quartz 0.4+
[ ), S sy Sl sy S e N
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O 1 1 1 1
0 40 80 120 160 200
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80 oL
;\3 T 45F
< 250l /7 o Z
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Fig. 5. SLR analysis of a-Fe, 03 films. (a) TMM model of the o-Fe; O3 pho-
toelectrode. (b) The photogeneration rate within the &-Fe, O3 film calculated
using the TMM. (c) SLR and (d) L. curves of a-Fe,O3 samples.
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25 °C, accounting for approximately 40% of 25 °C at the sur-
face. In the PEC system, the material performance is deter-
mined by the minority carrier collection length, L., which re-
flects the distance at which the minority carriers effectively
affect the surface current.[®38 By defining L as the distance
from the position where the carrier collection efficiency is
1/10 of the surface carrier collection efficiency to the surface,
Fig. 5(d) shows that the L. of a-Fe;O3 at 70 °C is 8 nm longer
than at 25 °C, implying that increasing the temperature pro-
motes the hopping of the small polarons, resulting in a signif-
icant increase in the carrier collection efficiency. *!

3. Conclusions

In summary, we report a thermal activation strategy that
dramatically improves the performance of hematite photoan-
odes by enhancing small polaron hopping, which is the main
charge transport mechanism in many transition metal oxides.
Unlike conventional doping or passivation, this method uses
elevated temperature to directly facilitate polaron hopping, in-
creasing carrier mobility by ~ 6.5 times and reducing spatial
losses. The thermal effect is most pronounced for charges ex-
cited via d—d transitions due to their strong polaronic nature.
Consequently, the optimized device achieves a high photocur-
rent density of 4.53 mA/cm? at 1.23 V vs. RHE. This work es-
tablishes a simple and widely applicable approach to achieve
efficient carrier transport in metal oxide photoelectrodes for
solar energy conversion.
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