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electrolyte interface, both of which are detrimental to PEC. 
Therefore, it is highly desirable to fabricate hematite nano-
structures with minimal morphology evolution after annealing 
at 800 °C for further improving the PEC water splitting effi -
ciency. However, there has been few reports in this direc-
tion with the exception of a silica-encapsulation technique. [ 11 ]  
Whereas this strategy nicely controlled the morphology of 
porous hematite photoanode upon annealing at 800 °C, it suf-
fered from considerable encapsulation-induced anodic shift of 
the onset potential. 

 In this work, we have developed a novel strategy to rationally 
retain the morphology of hematite nanorods at high tempera-
ture and improve the performance of PEC water splitting. Our 
rationale stemmed from the thermodynamics of activation 
and sintering. Previous studies showed that the energy bar-
rier associated with hematite activation is greater than that 
for morphology evolution. [ 10 ]  Hence, the temperature required 
for hematite activation is higher than the sintering tempera-
ture, resulting in signifi cant morphology change. Given that 
the sintering temperature is closely related to the crystallinity 
of hematite, [ 14–16 ]  we reason that fi nely tuning the crystallinity 
of hematite nanostructures provides a feasible way to reduce 
lattice defects that are usually present in hematite nanostruc-
tures [ 17 ]  and increase their sintering temperature ( Figure    1  ). To 
achieve this, we employed commercially available antimony-
doped tin oxide (ATO) nanoparticles to decorate FTO substrate 
for the growth of vertically aligned hematite nanorods with 
high crystallinity. Such hematite nanorods largely retained their 
fi ne structures after HTA at 800 °C. As a result, we obtained 
photocurrent density of 2.12 mA cm −2  at 1.23 V versus RHE 
and 3.34 mA cm −2  at 1.50 V versus RHE, respectively, which 
represent the highest photocurrent density using unmodifi ed 
hematite nanostructures. 

  ATO decorated FTO conductive glass substrates (ATO–FTO) 
were fabricated by dropping ATO/ethanol colloidal dispersion 
on FTO substrates with further annealing at 500 °C. Vertically 
aligned akaganeite (β-FeOOH) nanorods were then deposited 
on ATO–FTO substrates via the chemical bath deposition (CBD) 
process at 95 °C, and subsequently crystal phase was transited 
to hematite nanorods by annealing at 550 °C. To obtain high 
photoactive photoanodes, the as-prepared hematite nanorods 
were activated by HTA at 800 °C (hematite nanorods on ATO, 
dubbed AHN). As a control, photoactive hematite nanorods on 
pristine FTO substrate were prepared with the same process 
(hematite nanorods on FTO, dubbed HN). 

 We characterized the morphology of hematite nanorods on 
both AHN and HN by scanning electron microscopy (SEM). As 
shown in  Figure    2  b, most hematite nanorods on HN were dis-
torted and coalesced, after HTA at 800  o C, with characteristic 
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   Photoelectrochemical (PEC) water splitting holds great promise 
for sustainable energy by harvesting solar energy. In particular, 
hematite (α-Fe 2 O 3 ) has been extensively investigated as a photo-
anode for visible light-driven PEC water splitting due to its 
availability, stability, and suitable bandgap of 1.9–2.2 eV. [ 1–3 ]  
Fabricating hematite nanostructures provides an effective way 
to enhance the PEC performance of hematite photoanodes 
since they can enhance charge separation, surface area, and 
light absorption. [ 4–6 ]  High-temperature activation (HTA) is a 
common method to eliminate the poor lattice mismatching 
between hematite and fl uorine-doped tin oxide (FTO) sub-
strate. [ 7–9 ]  However, such hematite nanostructures often suffer 
from severe morphology evolution under HTA, resulting in 
the loss of fi ne structures that are critical for high-performance 
PEC. [ 7,10,11 ]  

 High-temperature annealing at ≈800 °C is a key step to acti-
vate hematite nanostructures for high-performance PEC. [ 8,10 ]  
For instance, annealing at 800 °C improved the photocurrent 
density of hematite nanorods from 0.035 to 1.24 mA cm −1  at 
1.23 V versus reversible hydrogen electrode (RHE), which rep-
resents one of the highest photocurrents reported for under 
hematite photoanodes under standard Air Mass (AM) 1.5 illu-
mination. [ 8,12,13 ]  Nevertheless, the PEC performance of hema-
tite nanostructures after HTA is still far below the theoretical 
expectation, partially because of morphology evolution during 
high-temperature treatment. Such morphology evolution, e.g., 
distortion and coalescence, largely increases feature sizes, and 
decreases surface areas. [ 7 ]  The former impedes charge sepa-
ration and the latter slows charge transfer at the electrode/
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sizes greater than 100 nm. The cross sectional SEM image 
further revealed that the bottom of hematite nanorods was coa-
lesced whereas the top retained the rod-like shape (Figure  2 a). 
Hence, the morphology evolution suggests that hematite 
nanorods on HN after annealing are sintered at 800 °C. Remark-
ably, hematite nanorods on AHN largely retained their rod-like 
shape on ATO–FTO (Figure  2 e) after annealing at 800 °C. The 
interfaces are distinct at the bottoms of hematite nanorods 
(Figure  1 f), indicating that hematite nanorods on AHN are 

sintering-resistant during annealing at 800 °C. Furthermore, we 
found the main diameter of nonannealed hematite nanorods on 
AHN is smaller than that of ≈45 nm on HN (Figure S1, Sup-
porting Information), suggesting that ATO modifi cation infl u-
enced the crystal growth of hematite nanorods. 

  We further collected X-ray diffraction (XRD) spectra to inves-
tigate the crystal structure of hematite nanorods on both AHN 
and HN. The XRD patterns ( Figure    3  a) revealed that ATO modi-
fi cation tremendously intensifi ed the (101) and (110) peaks of 
cassiterite phase and hematite nanorods with the intensifi ed 
(012) and (014) faces grew on ATO–FTO. It indicates that ATO 
modifi cation signifi cantly infl uences the crystal structure of 
hematite nanorods. The lattice parameters calculated by MAUD 
software [ 18–20 ]  demonstrate that the lattice parameter of nanorods 
on AHN is closer to JCPDS card 33-0664 ( a  =  b  = 5.0356,  
c  = 13.7489) (Table S1, Supporting Information), suggesting the 
crystallinity of nanorods on AHN is higher than that on HN. 
Furthermore, the lattice energy was evaluated by Kapustinskii 
equation [ 21 ]  to quantitatively analyze the crystallinity. Given that 
the higher lattice energy indicates the higher crystallinity, the 
higher lattice energy of hematite nanorods on ATO–FTO con-
fi rms the crystallinity of AHN is higher than that of HN, as 
shown in Table S1, Supporting Information. Considering that 
higher lattice energy suggests higher temperature requirement 
for sintering, it further suggests that the sintering temperature 
of hematite nanorods on ATO–FTO is higher than that on FTO. 

  Of our particular interest is that the intensity of (110) peak 
in hematite phase, which directly refl ects the sintering tem-
perature. Figure  3 a shows the (110) diffraction peak of HN is 
signifi cantly enhanced to the strongest peak after annealing 
at 800 °C, which is attributed to the recrystallization of sin-
tering. However, the (110) diffraction peak in AHN is slightly 
enhanced after annealing at 800 °C compared with HN, sug-
gesting the absence of recrystallization or sinter. It confi rms 
that the sintering temperature of hematite nanorods on HN is 
lower than 800 °C, whereas that of AHN is higher than 800 °C. 
Moreover, the strongest (110) diffraction peak suggests these 
sintered nanorods on HN prefer growing in the [110] direc-
tion, [ 22,23 ]  as shown in the high resolution transmission elec-
tron microscopy (HRTEM) images in Figure  3 c. The HRTEM 
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 Figure 1.    Energy and temperature diagram of both AHN and HN.

 Figure 2.    Morphology of AHN and HN before and after HTA at 800 °C. a) The SEM image of HN before HTA at 550 °C. b,c) The SEM image of HN after 
HTA at 800 °C. d) The SEM image of AHN before HTA at 800 °C. e,f) The SEM image of AHN after HTA at 800 °C. The scale bar in all images is 200 nm.
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images of nanorods on AHN after annealing at 800 °C are 
shown in Figure  3 b. Of note, the (110) interplanar spacing of 
both AHN and HN are 2.57 Å, slightly larger than 2.52 Å in 
JCPDS card 330664. It should be attributed to the migration of 
Sn into the lattice of hematite driven by HTA. [ 8,10 ]  

  Figure    4  a compares plots of photocurrent density versus 
potential for AHN and HN under simulated sunlight irradia-
tion (100 mW cm −2 , AM 1.5G). Upon irradiation, AHN yielded 
a photocurrent density of AHN reached 2.12 mA cm −2  at 1.23 V 

versus RHE, ≈3.5 times higher than that of HN (0.60 mA cm −2 ). 
Moreover, the photocurrent density reached 3.34 mA cm −2  at 
1.50 V versus RHE before current density increased exponen-
tially. To the best of our knowledge, this is the highest photo-
current density ever achieved using hematite nanorods without 
further doping, surface passivation or cocatalyst treatment. On 
the other hand, the onset potential of both AHN and HN are of 
≈0.8 V versus RHE, suggesting the absence of onset potential 
anodic shift on AHN. It is consistent with the typical values 
ranging from 0.8 to 1.0 V observed in other hematite structures 
without catalyst. [ 8,24 ]  

  Photocurrent densities of AHN with different amount of 
ATO modifi cation were measured under the same condition. 
The similar  J – V  curves in Figure  4 c strongly suggest that the 
photoresponse of AHN is independent to the amount of ATO 
modifi cation, which is attributed to the excellent visible light 
transparency of ATO nanoparticles. [ 25 ]  In addition, we meas-
ured the bandgap of AHN and HN using UV−vis spectra and 
Tauc-plot curves, respectively. As shown in Figure S2, Sup-
porting Information, the bandgaps of both AHN and HN are 
≈2.05 eV, suggesting the similar strong direct transition which 
is well consistent with other report. [ 7 ]  

 The incident-photon-to-current effi ciency (IPCE) spectra 
were then generated at 1.23 V versus RHE to compare the 
wavelength-dependent photocurrent response for AHN and 
HN (Figure  4 b). AHN exhibits substantially enhanced IPCE 
values as compared to HN over the entire wavelength of 
350–620 nm. The maximum IPCE value of the AHN reached 
20.6% at the wavelength of 350 nm, which is approximately 
three times higher than of that of HN (6.78%). The IPCE 
values of both AHN and HN gradually drop to zero at wave-
lengths longer than 600 nm, in accordance with the bandgap 
of hematite. 

 To understand the mechanism of the substantial enhance-
ment in our PEC, we investigated the charge separation and 
transfer in the PEC process. Charge separation was evalu-
ated by the density and lifetime of photo-excited carriers in 
hematite nanorods. Mott–Schottky plots (Figure  4 d) gener-
ated from electrochemical impedance spectroscopy show that 
the carrier density in hematite nanorods on AHN is 2.58 × 
10 22  cm −3 , which is ≈5 orders of magnitude higher than that 
of HN (2.71 × 10 17  cm −3 ). Photocurrent transient measurement 
(Figure  4 e) was performed to quantitatively assess the carrier 
lifetime. The normalized  lnD–  t  plots (Figure  4 f) were then 
deduced from the photocurrent transient curves (Figure  4 e) 
to calculate the transient time constant  τ , a key factor defi ned 
as the time when  lnD  is −1. [ 26 ]  As shown in Figure  4 f,  τ  was 
calculated to be 0.12 s for AHN, two times longer than 
0.061 s of HN. The larger carrier density and longer carrier 
lifetime strongly imply higher charge separation effi ciency of 
nanorods on AHN as compared to that on HN, which is due to 
the well-retained morphology after sintering. 

 Morphology evolution during HTA seriously impedes the 
PEC performance using hematite nanostructures. While there 
have been several ways to address this problem by using 
external treatment, [ 11 ]  e.g., silica-encapsulating technique, they 
often shift the onset potential to the anodic. In this study, we 
developed an “intrinsic” strategy of crystallinity engineering to 
raise the sintering temperature for the resistance of morphology 
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 Figure 3.    Structures of AHN and HN. a) The XRD patterns of AHN and 
HN before and after annealing at 800 °C. b) HRTEM images of AHN. 
c) HRTEM images of HN.
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evolution without introducing new materials on hematite 
nanorods or anodic shifting of the onset potential. By using 
this new strategy, we obtained the sintering-resistant hema-
tite nanorods with the water splitting photocurrent density of 
2.12 mA cm −2  at 1.23 V versus RHE, representing the highest 
photocurrent density ever achieved by hematite nanorod-based 
photoanodes without intentional dopants. 

 Given that substrate signifi cantly infl uences the nucleation 
and growth of hematite nanorods in PEC process, [ 27–29 ]  we 
employ ATO modifi cation to change the surface of FTO sub-
strate (Figure S3, Supporting Information) to tune the crystal 
structure of hematite nanorods. Of particular importance, 
nanorods on AHN possess enhanced crystallinity, which sig-
nifi cantly increases the sinter temperature as compared to that 
on HN. As a result, the morphology of nanorods on AHN is 
well-retained after HTA at 800 °C, exhibiting distinct features 
including shape and size. 

 Compared with the sintered nanorods on HN, the sintering-
resistant nanorods on AHN have smaller diameter size and 
larger surface area, which are benefi cial for the PEC perfor-
mance due to the charge separation and transfer at the elec-
trode/electrolyte interface. In a typical PEC process, the deple-
tion layer is formed on the surface when hematite nanorods are 
placed in the electrolyte. Inside the depletion layer (Figure S4, 
Supporting Information), the core of hematite nanorod can 
be regarded as the diffusion region, where the electron–hole 
pairs are most likely lost via recombination due to the very 
short electron and hole diffusion length. Hence, photo-excited 
electrons and holes are more effectively separated by electric 
fi eld in the depletion layer than in the diffusion region. [ 1,30 ]  
Because of the morphology evolution after HTA, the feature 
size of nanorods on HN is signifi cantly larger than that of the 

sintering-resistant hematite nanorods on AHN. It suggests 
that the diffusion region in HN is larger than that in AHN, 
thus the contribution of depletion layer in AHN is larger than 
that in HN, and the charge separation effi ciency in AHN is 
higher than that in HN. Also, the large surface area of hem-
atite nanorods on AHN facilitates charge transfer for water 
oxidation. Moreover, the charge transfer resistance at the elec-
trode/electrolyte interface on AHN is smaller than that on HN, 
indicating that the energy barrier for charge transfer across 
the electrode/electrolyte interface on AHN is lower than that 
on HN. Collectively, the effi ciency of charge separation and 
transfer at the electrode/electrolyte interface of AHN is signifi -
cantly higher than that of HN. 

 In summary, we have developed a crystallinity engineering 
strategy to effectively retain the morphology of hematite nanorods 
under HTA. Hematite nanorods growing on ATO–FTO have 
higher lattice energy and better sintering-resistance, which over-
comes the problem of morphology evolution during HTA. Impor-
tantly, as-prepared hematite nanorods with fi ne nanostructures 
signifi cantly improve the charge separation and transfer. As a 
result, the photocurrent density reached 2.12 mA cm −2  at 1.23 V 
versus RHE. Therefore, our work provides new insight into the 
morphology retainment of hematite nanostructures during HTA. 
Due to the use of commercially available ATO, this approach is 
also readily scalable and applied in a broad range of areas including 
dye-sensitized solar cells, water electrolysis and supercapacitors.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    PEC performance of AHN and HN. a)   J  –  V   curves under the illumination of AM 1.5G full-spectrum solar light with a power density of 
100 mW cm −2 . b) IPCE spectra at 1.23 V versus RHE. c)   J  –  V   curves of AHN with different thickness of ATO modifi cation. d) Mott–Schottky plots. 
e) Transient photocurrent decay at the potential of 1.23 V versus RHE under illumination. f) Transient decay times.
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