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Charge recombination is a critical problem limiting the efficiency of catalysts for solar water splitting. Con-
structing both single- and polycrystalline structures have been proposed to tackle this issue, however, compar-
ison of the two is mainly focused on the crystallinity and a comprehensive analysis of the underlying reasons is
lacking. Herein, we show that the enhancement in water-oxidation activity of the single crystalline photoanode is
dominated by the lower surface charge recombination as compared to the polycrystalline one, taking hematite
nanorod arrays prepared by gas phase cation exchange to exclude the influence of shape as the model catalyst. In

contrast, the unexpected lower bulk charge separation efficiency of single crystal than that of polycrystal in-
dicates that increasing the crystallinity is actually not the major factor for improving bulk charge transport ef-
ficiency. Our study sheds light on the structure-property relationship of monocrystal versus polycrystal in the
hematite photoelectrochemical cell, beneficial to design of high-efficient catalysts for solar energy conversion.

1. Introduction

Photoelectrochemical (PEC) water splitting is a promising way to
solve the energy and environmental crisis [1,2]. Due to the severe
recombination of photogenerated charges, however, the efficiency of
PEC water splitting systems is still far from satisfying the requirements
for the commercialization. It has been suggested that charge recombi-
nation can be effectively reduced by nanostructuring [3], defect engi-
neering [4], building hetero- [5] or homojunctions [6], and so on.
Among these strategies, constructing single crystalline structures
without grain boundaries could offer unique advantages to the PEC
activity in terms of the quality of the semiconductor, such as better
charge transport property compared to the polycrystalline counterparts
which have large numbers of grain boundaries and high charge trans-
port resistance [7,8]. Consequently, photoelectrodes with various single
crystalline semiconductors, for example TiO, [9,10], WO3 [11], perov-
skite [12], and hematite (a-FeoO3) [13], have been widely used in the
PEC water splitting with improved PEC performance. However, it was
also suggested that polycrystalline photoelectrodes induce a better
photocatalytic or PEC activity than the single crystal [14,15], with the

interface defects at crystal boundaries acting as photogenerated elec-
tron/hole trappers for yielding long-lived electrons/holes, and thus
enhance the charge separation efficiency [16].

Besides crystallinity, the surface area is another important factor
regarding the PEC performance [17,18]. Considerable efforts have been
spent on preparing nanostructured semiconductors with enlarged sur-
face area to increase the number of active sites for surface reaction [19].
But a large surface area can also limit the PEC activity by increasing
surface charge recombination [20]. Compared with the monocrystal, the
polycrystal has a larger specific surface area, which would affect the
surface properties [17,21]. The influence of the surface area, never-
theless, was never taken into account in previous reports, when inves-
tigating the role of crystallinity in PEC systems. With regards to the
contradictory statements about the impact of the crystalline structure
and the significant role of the surface area in the PEC activity, it is
crucial to make an in-depth investigation on the key factor that causes
the different properties of the mono- and polycrystal.

In this work, we performed a comprehensive analysis to reveal the
key factor influencing the PEC oxygen evolution reaction (OER) effi-
ciency of single- versus polycrystalline hematite nanorod arrays
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synthesized via gas phase cation exchange to avoid the influence of
shape on light absorption and mass transport [22,23]. Hematite is
chosen as the model catalyst thanks to its good stability, ruling out the
effect of self-corrosion in the PEC process. Single crystalline hematite
nanorod arrays (SH) display dramatically higher OER activity as
compared to the polycrystalline one (PH), which results from the lower
surface charge recombination owing to the smaller surface area and less
surface defects of SH [24]. In contrast, the unexpected lower bulk charge
separation efficiency of SH than that of pH indicates that increasing the
crystallinity is actually not the major factor for improving bulk charge
transport efficiency. This work provides helpful guidance for rational
design of catalysts for high-efficiency solar energy conversion.

2. Experimental
2.1. Materials

Zinc acetate (Zn(CH3COO)y-2H20) was provided by Guangdon-
g Engineering Research Center for Fine Chemicals. Ferrous chloride
tetrahydrate (FeCly-4H30) and ethanolamine were provided by
Shanghai Macklin Biochemical Co., Ltd. Zinc nitrate hexahydrate (Zn
(NO3)2-6H20) was provided by Tianjin Fuchen Reagent Co., Ltd.
Ethylene glycol monomethyl ether was provided by Beijing Ke-
long Biomedicine Technology Co., Ltd. Hexamethylenetetramine was
provided by Shanghai Alfa Aesar Co., Ltd. Fluorine-doped tin oxide
conductive glass (FTO) was gained from Huanan Xiangcheng Technol-
ogy Co., Ltd. The chemicals used in this work were analytically pure and
not further purified, and the solutions used in this work were prepared
with deionized water.

2.2. Preparation of ZnO template

The ZnO nanorod arrays were prepared by a seed-hydrothermal
method as reported previously [25]. First, 0.05 M Zn(CH3COO), was
dissolved in 20 mL ethylene glycol monomethyl ether and stirred at
60 °C for 30 min. Then, 0.06 mL of ethanolamine was added to the
mixture and stirred at 60 °C for another 30 min to get the seed sol. After
that, 50 pL of ZnO seed sol was dropped onto an FTO substrate and spin-
coated at 1000 rpm for 30 s, which was repeated for 3 times followed by
annealing at 350 °C for 30 min. Next, the seed-coated FTO was
immersed in a mixed solution of 25 mM Zn(NO3), and 25 mM hexa-
methylenetetramine, and sealed in an autoclave at 95 °C for 4 h to get
the ZnO nanorod array.

2.3. Fabrication of hematite photoanodes by gas phase cation exchange

The precursors were placed at the center of a quartz tube, with the
FeCl, powder 2.5 cm upstream from the ZnO template. After the quartz
tube was outgassed under vacuum, the mixed gas of Ar (5 sccm) and Oy
(90 sccm) was introduced. The precursors were then heated to
500-600 °C and held for 30 min.

2.4. Sample characterization

Scanning electron microscopy (SEM) images and energy-dispersive
spectra (EDS) were collected on a Hitachi-SU8220 field emission scan-
ning electron microscope at an accelerating voltage of 10 kV to char-
acterize the micromorphology and elemental composition of the
samples. X-ray diffraction (XRD) patterns were recorded on an X’Pert
PRO MPD diffractometer with Cu Ka radiation (1 = 1.5405 A). Raman
spectra were collected with a Raman Microscope (Renishaw inVia plus)
with an excitation wavelength of 785 nm. A FEI Tecnai G2 F20 U-TWIN
transmission electron microscope (TEM) operated at 200 kV was used to
examine the micromorphology and crystal structure of the samples. X-
ray photoelectron spectroscopy (XPS) and valence band spectra mea-
surements were performed on a Thermo Scientific ESCALAB 250 Xi
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system using 300 W Al Ka radiation; the base pressure was ~3 x 10~
mbar. Binding energies were referenced to the C 1s line at 284.8 eV from
adventitious carbon. The ultraviolet—visible (UV-vis) transmittance and
reflectance spectra were obtained to calculate the absorptance spectra
using a UV-vis spectrophotometer (UV-2600). Photoluminescence (PL)
spectra were collected on a photoluminescence spectrometer (Nano-
LOG-TCSPC) with an excitation wavelength of 320 nm.

2.5. Photoelectrochemical characterization

Photoelectrochemical measurements were performed at room tem-
perature on an electrochemical workstation (Zahner Zennium, Ger-
many) in a three-electrode configuration with the prepared photoanodes
as the working electrodes, a saturated Ag/AgCl electrode as the refer-
ence electrode, and a Pt foil as the counter electrode. 1M NaOH aqueous
solution (pH = 13.6) was used as the electrolyte. A 500 W xenon lamp
(CEL-S500, Aulight, Beijing, China) equipped with an AM 1.5G filter was
used as the light source, and the distance from the light source to the
samples was adjusted to realize an irradiation of 100 mW em ™2 (1 sun).
The samples were irradiated from the front side for all the tests. All
potentials vs the reversible hydrogen electrode (RHE) were transformed
from potentials vs the Ag/AgCl electrode using the following equation:

VrHE = Vagagcl + 0.059 x pH + 0.197 (1)

The current density—applied potential (J-V) plots of the photo-
anodes were measured at a scanning rate of 10 mV s '. The photo-
electrochemical impedance spectroscopy (PEIS) data were collected
under 1 sun irradiation using a 5 mV amplitude perturbation between
100 kHz and 0.1 Hz, and the data were fitted using Zview software.
Intensity modulated photocurrent spectroscopy (IMPS) measurements
were conducted on an electrochemical workstation (Autolab
PGSTAT302N) under continuous illumination from a blue LED (1 = 470
nm, 80 mW cm™2). IMPS spectra were gathered using a 25 % light in-
tensity modulation over a frequency range from 1 kHz to 0.1 Hz.

3. Results and discussion
3.1. Preparation and characterization of SH and PH photoanodes

With the ZnO nanorod array as the sacrifice template, the hematite
nanorod array was in-situ fabricated via a facile gas phase cation ex-
change methodology [25,26]. The cross-sectional SEM image (Fig. 1a)
shows that the ZnO nanorod array has a height of about 1300 nm. After
gas phase cation exchange, the obtained hematite nanorod array (Figs. 1
(b) and S1) inherits the morphology of the pristine ZnO template, and
the semitransparent-white ZnO film (inset of Fig. 1a) turns to orange-red
(inset of Fig. 1b) which is the characteristic color of hematite. The EDS
spectra in Fig. 1(c and d) depict that the Zn?" cations are completely
substituted by the Fe>" cations. The XRD patterns show that the tem-
plates are pure phase of hexagon ZnO (Fig. 1e) and the orange-red film is
the hematite (Fig. 1f). On the basis of these data, it is concluded that the
ZnO nanorod successfully converts into the hematite nanorod via gas
phase cation exchange.

The PH and SH samples were obtained at the cation exchange tem-
perature of 500 °C and 600 °C, respectively. The TEM images (Fig. 2(a
and b), S1(e and f)) display a rougher surface of the PH than that of the
SH, and many grain boundaries are observed in the PH but not in the SH.
The selected area electron diffraction (SAED) pattern of the PH (Fig. 2c)
exhibits several rings corresponding to the atomic planes of hematite,
demonstrating the polycrystalline nature of the PH. Meanwhile, the
SAED pattern of the SH (Fig. 2d) merely presents one set of diffraction
pattern and is indexed to the hematite structure with the zone axis of
[—4-81] [27], confirming the single crystalline nature of the SH. Raman
spectra (Fig. S2) also confirm the higher crystallinity of the SH than that
of the PH. The higher temperature provides higher ion mobility, causing
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Fig. 1. (a, b) Cross-sectional SEM images (Insets are the corresponding digital photographs), (c, d) EDX spectra and (e, f) XRD patterns of the ZnO and a-Fe;O3

nanorod arrays.

a more effective recrystallization and larger hematite grains and finally
resulting in single crystallinity [28]. The high-resolution TEM (HRTEM)
image of PH (Fig. 2e) displays one set of lattice stripes with a d-spacing
of 0.27 nm that are ascribed to hematite (104) lattice planes. The
HRTEM image of SH (Fig. 2f) exhibits two sets of lattice stripes with the
same d-spacing of 0.27 nm and an angle of 115°, which are ascribed to
hematite (104) and (1-1 —4) lattice planes [27]. The lattice stripes with
a d-spacing of 0.25 nm in PH are indexed to hematite (—210) lattice
planes [27].

3.2. OER activity of pH and SH photoanodes

The J—V curves under irradiation reveal that the PH photoanode has
an onset potential of 1.1 Vgryg and a photocurrent density of ~0.23 mA
cm 2 at 1.23 Vgyp, whereas the SH photoanode displays an onset po-
tential of ~0.9 Vryg and a photocurrent density of ~0.69 mA cm 2 at
1.23 Vryg (Fig. 3). This indicates a significantly higher OER activity of
the SH than that of the PH photoanode. The dark currents of both the PH
and SH photoanodes were measured to be close to zero over the po-
tential applied in our test, implying that the observed current under
irradiation is related to the photogenerated charge carriers.

3.3. Mechanism analysis of OER activities

For a photoelectrode, its photocurrent (J) for PEC water splitting is
determined by the theoretical photocurrent (Jps) depending on light
absorption, the bulk separation efficiency(#sep), and the surface injection

efficiency (#7inj), which can be expressed as J = Japs X fjsep X #inj [29]. So,
we performed an in-depth analysis on the light absorption, sep and 7i;
of both PH and SH photoanodes, in attempt to unveil the root cause
behind the difference in their OER activities.

Combining the UV-vis spectra, the corresponding Tauc plots of the
photoanodes (Fig. S3) and the standard AM 1.5G solar spectrum, the J,pg
values of the PH and SH photoanode were calculated to be 11.99 and
12.05 mA cm 2, respectively. The similar Japs values for both photo-
anodes indicates that light absorption is not a determinant reason of
their difference in the OER activity. Then, the #sep and 7iy; of the pho-
toanodes were measured from the chopped-light J-V curves using HoO»
as a sacrificial agent (Fig. S4) [30]. The ysep of the PH photoanode is
slightly higher than that of the SH photoanode (Fig. 4a), which is
induced by the lower inter-band radiative recombination rate of the PH
as indicated by the PL spectra (Fig. S5) [31]. The trivial difference in the
bulk charge separation efficiency between the PH and SH photoanodes is
also inconsistent with the disparity in their OER activities. It thus implies
that the bulk charge separation efficiency is not the main reason for the
difference in their OER activities. As can be seen in Fig. 4(a), the 7iy; of
the SH photoanode is dramatically higher than that of the PH photo-
anode, and the changing trend of the #;,j—V curves is similar to that of
the irradiated J—V curves. These findings suggest that the surface in-
jection efficiency is the dominating factor causing the different OER
activities between the PH and SH photoanodes.

PEIS were performed to identify the charge transfer behavior both in
the bulk hematite and at the hematite/electrolyte interface. The two
semicircles in the PEIS-Nyquist plots (Fig. 4b), corresponding to the two
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Fig. 2. (a, b) TEM images, (c, d) SAED patterns, and (e, f) HRTEM images of the PH and SH.
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Fig. 3. J-V curves of the PH and SH photoanodes under irradiation. The red
and blue dashed lines represent the corresponding dark current densities. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

peaks in their PEIS-Bode plots at high and low frequency ranges
(Fig. S6), are ascribed to the charge transport across the bulk hematite
and the charge transfer at the hematite/electrolyte interface, respec-
tively [32-34]. PEIS fitting results (Fig. 4c) show a smaller bulk charge
transport resistance (Rpyx) and a larger surface charge transfer resis-
tance (R.¢) of the PH compared to those of the SH photoanode, which is
consistent with the higher 75, and lower 7y of the PH relative to those
of the SH photoanode, as depicted in Fig. 4(a). Namely, the PH has
slightly better bulk charge transport and worse surface charge transfer in
comparison to the SH photoanode.

The slightly higher 75, of PH, compared to that of SH, indicates that
increasing crystallinity cannot guarantee to improve the bulk charge
separation efficiency, which contradicts the generally established result

of previous research [12,35]. One explanation could be the inherently
low charge carrier mobility of hematite [36], causing the resistance from
grain boundaries exhibits a much less significant effect on the overall
charge transport property. Band bending of the depletion layer at the
semiconductor/electrolyte interface is the driving force for the bulk
charge separation, and hence the bulk charge separation efficiency of
the bare hematite is also related to its morphology [37,38]. Due to the
similar nanorod array morphology for the SH and PH photoanodes, both
surface areas were thus probed to analyze the proportion of the deple-
tion layer to the bulk. For the same material, the surface area of the
electrode is in positive proportion to the electrochemical active surface
area (ECSA) [39-41]. ECSA of the hematite photoanodes was deter-
mined by electrochemical double-layer capacitances measurements
(Figs. 4(d) and S7), reflecting a larger ECSA of the PH (106 pF cm™?)
than that of the SH (51 pF cm~?) [42]. In comparison with the SH, the
PH photoanode has a larger interface area between the semiconductor
and the electrolyte because of more grain boundaries on its rough sur-
face, generating a higher portion of the depletion region to the entire
bulk region by provide higher driving force for charges [43], thus
contributing to the slightly higher 7, of the PH than that of the SH
photoanode.

Next, we investigated the reason behind the great difference of iy
between the PH and SH photoanodes. Oxygen vacancy and surface area
are reported to be two factors that could influence 7y for the bare he-
matite [20,44]. The oxygen vacancies were first analyzed by XPS. As
illustrated in Fig. 5(a and b), the peak at low binding energy (ca. 530 eV)
can be attributed to oxygen in the hematite lattice (Or), while the peak
at high binding energy (ca. 531.7 eV) is associated with oxygen va-
cancies (Oy) [44,45]. The percentages of the Oy in the PH and SH are
approximate, with the value of 43.6 % and 44.3 %, respectively. Little
peak shift in the Raman spectra (Fig. S2) suggests the amount of the Oy
and O, in the SH is very close to those in the PH, which is consistent with
the XPS data [44,46]. This result implies that the Oy in the PH and SH
will have similar impact on their OER activity and hence the possible
role of the oxygen vacancy concentration can be eliminated, which
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Fig. 4. (a) Charge separation and injection efficiencies, (b) measured (dots) and fitted (lines) PEIS-Nyquist plots at 1.2 Vryg (inset shows the equivalent circuit for
PEIS fitting), (c) PEIS fitting results of the Ry, and R values, (d) differences in current as functions of scan rate for the PH and SH photoanodes.

means that the surface area becomes dominant here. The larger surface
area of the PH photoanode can benefit charge injection by providing
more sites for surface catalytic reaction, which is confirmed by the
higher dark currents and faster OER kinetics observed for the PH, as
compared to the SH photoanode (Fig. S8). However, the abundant grain
boundaries on the PH surface could induce high surface trap density,
which leads to non-radiative recombination on the surface [47,48]. As a
result, the large surface area might also induce severe surface recom-
bination that decreases the lifetime of surface holes, which is detri-
mental for the surface hole injection efficiency considering the OER
kinetics with a time scale of hundreds of milliseconds to seconds
[49,50]. The hole lifetime was then calculated from the spike decay in
anodic photocurrent transients by a logarithmic plot of the parameter D,
using the following Equation:

D= Jrf-]st

= 2
Jinf‘]st ( )

where J; is the photocurrent density at time t, Jy is the steady-state
photocurrent density, and Ji, is the initial spike of the photocurrent
density upon light on (inset of Fig. 5¢) [51,52]. To get a qualitative
comparison, the hole lifetime can be defined as the time at which InD =
-1 [51,52]. The InD decay plots (Fig. 5¢) indicate a hole lifetime of 0.06 s
for the PH and 0.12 s for the SH photoanode, which is in tune with the
result that the SH has a higher hole injection efficiency than the PH
photoanode.

In the end, IMPS was conducted to further evaluate the surface
charge recombination due to the non-radiative electron-hole recombi-
nation at surface states. As shown in Fig. 5(d), each IMPS spectrum is
composed of two semicircles. The low frequency response of the upper
semicircle can be ascribed to the charge transfer and recombination at
the interface of the electrolyte and the photoanode [53], and the low
frequency intercept (LFI) corresponds to the hole current successfully
transferred to the electrolyte [54,55]. The high frequency response of

the lower semicircle is called RC attenuation semicircle, which repre-
sents attenuation by the total series resistance of the PEC cell and the
capacitances of the sample, and the high frequency intercept (HFI) sig-
nifies the photogenerated hole flux toward the surface. The charge
transfer and recombination behavior can be revealed by analyzing the
upper semicircle. The photogenerated hole current of the PH is close to
that of the SH photoanode, while the hole current transfer into the
electrolyte of the PH photoanode is lower than that of the SH photo-
anode as manifested in Fig. 5(d). These results imply that the PH has a
severe charge recombination than the SH photoanode, which agrees
with the bulk charge separation and injection efficiency [56]. The
electron lifetime (74) can be estimated from the frequency at the minimal
value in the IMPS [57,58]: 74 = 1/(27fmin). The electron lifetime of SH
(2.7-5.0 ms) is longer than that of the PH photoanode (1-1.5 ms) over
the entire applied potentials (Fig. S9). As mentioned above, the larger
surface area of the PH would bring more serious surface charge
recombination than the SH photoanode, resulting in the shorter electron
lifetime, which is consistent with the shorter hole lifetime of the PH than
that of the SH photoanode (Fig. 5¢). According to the above analysis, we
conclude that the drastic surface charge recombination induced by the
large surface area is more dominant than the positive effect of providing
more active sites, thus translating into the lower surface injection effi-
ciency of the PH relative to that of the SH photoanode.

Based on the above analyses, an explanation for the different PEC
OER activity between the SH and PH photoanodes is proposed as fol-
lows. Due to the similar light absorption, the SH and PH photoanodes
generate nearly the same amount of photocharges upon light irradiation.
Compared to the SH, the existence of grain boundaries in the PH pho-
toanode results in the rougher electrode surface and hence the larger
surface area. The larger surface area in the PH photoanode increases the
portion of the depletion region to the entire bulk region, thus leading to
the better charge separation efficiency than the SH with the high crys-
tallinity as schemed in Scheme 1(a). However, the large surface area in
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Scheme 1. Schematics of charge behaviors in (a) PH and (b) SH photoanodes.
Eg, Ey, Eg, and Eg represent for the conduction band minimum, the valence band
maximum, and the Fermi level of hematite and the surface state levels on the
hematite surface, respectively. Red arrows refer to the beneficial contributions
including charge generation from photoexcitation (77aps), bulk charge separation
(7sep), and hole transfer to the electrolyte (17in;). Green arrows refer to the
deleterious contribution, that is, surface charge recombination (R). The arrow
line thickness indicates the relative rates of charge transfer and recombination,
and the thicker arrow lines represent the faster rates than the thinner ones.

the PH photoanode also brings on severe surface recombination of
photocharges because surface states at grain boundaries would act as
charge recombination centers. As a consequence, majority of the pho-
toholes on the PH photoanode surface would recombine with the pho-
toelectrons at surface states other than inject to the electrolyte for the
OER. By contrast, the SH photoanode show the less surface charge
recombination and the better charge injection efficiency thanks to the
small surface area and single crystalline property, and hence the higher

PEC OER activity than the PH (Scheme 1b).
4. Conclusions

In summary, the influences of crystallinity on the PEC OER activity
were systematically studied by taking the a-Fe,Os nanorod array with
tunable crystallinity as a model photoelectrode. Thanks to the lower
surface charge recombination out of the small surface area and less
surface defects, the single crystalline hematite photoanode possesses a
significant better surface injection efficiency and thus a higher OER
activity than the polycrystalline. This study provides a comprehensive
investigation on the understanding of the PEC performance difference
between single crystalline and polycrystalline hematite nanorods, and
provide useful guidelines for the development of highly efficient PEC
devices.
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