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www.rsc.org/ Constructing integrated heterojuction system photoelectrodes for solar energy conversion is indubitable to be an efficient
alternative method due to their effectiveness in charge separation and optimizing the ability for reduction and oxidation
reactions. Here, an integrated photoanode constructed by carbon quantum dots (CQDs) sensitized Ti:Fe,03;@GCNNs
(where GCNNs represents graphitic carbon nitride nanosheets) core-shell nanoarrays are demonstrated, showing a smart
photocurrent density as high as 3.38 mA cm? at 1.23 V versus reversible hydrogen electrode (Vgue), 2-fold higher than that
of the pristine Ti:Fe,03, which is superior over that of recently reported promising photoanodes (Table S1). In this ternary
system (Ti:Fe,O;@GCNNs-CQDs), each of which plays a specific role in the process for superior PEC water oxidation that i)
the vectorial holes transfer of Ti:Fe,0; - g-CsN, - CQDs; ii) the introduction of CQDs has high catalytic activity for H,0,
decomposition contributing high rate activity for water oxidation via a two-step-two-electron water-splitting process; iii)
the favorable electron transport behaviors of CQDs. This controlled structure designing represents one scalable alternative
toward the development of photoanode for high-efficiency water splitting.

Published on 01 May 2018. Downloaded by University of New England on 01/05/2018 11:04:49.

Introduction

During natural photosynthesis, photosystem Il (PS 1) and
photosystem | (PS 1) capture light energy to generate photoexcited
photons for participating water oxidation and reduction of
scoenzyme called ferredoxinnicotinamide adenine dinucleotide
phosphate (NADP) on two photosystems individually, which a
process is achieved and connected in series with an electron
transfer chain."> In such a careful arrangement of photosynthetic
constituent, the two photosynthetic reactions (reduction and

woxidation reactions) take place simultaneously in time but
separately in space, thus addressing the high quantum efficiency
derived from the efficient charge separation in spatial.2 Inspired by
this natural photosynthesis, photoelectrochemical (PEC) water
splitting based heterojunction artificial photosynthesis for chemical

isfuel is so fascinating, that it is a promising solution to critical
problems facing the modern industrial development including of
unrenewable energy sources, environmental pollution as well as the
issues of effective storage and transport.“'6 Much research based on
various photoanodes materials, such as TiO,, Fe,03, BiVO,, W037'lo

wet al, have been devoted to achieving high PEC performance.
Especially Fe,0;, it has emerged and gained considerable attention
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as a model material for PEC water splitting due to the good
sunlight-harvesting capability with the desirable band gap of ~1.9-
2.2 eV,” more positive potential of its valence band (VB) than
st"(Oz/HZO)),11 excellent stability as well as natural abundance.”
However, pure Fe,0; limits low energy conversion efficiency with
poor charge transport and slow rapid carrier collection properties
that prevents efficient charge separation in bulk and surface.” Thus,
it is highly desired to build of a heterojunction photoelectrode for
sowater oxidation to overcome this challenges, a structure that the
high separation of charge carriers as well as the fast water oxidation
kinetics can be achieved simultaneously.
On this concept, we attempt to construct the well and integrated
heterojunction photoanode for PEC water oxidation, which consists
3s0f titanium-doped hematite (Ti:Fe,03) nanoarrays, graphitic carbon
nitride nanosheets (GCNNs), and ultra-small carbon quantum dots
(CQDs). In this system, Ti is doped as a foreigner in Fe,0; to
effectively boost the bulk charge separation by adjusting the band-
bending,14 Recently, graphitic carbon nitride (g-C3N,) has received
swgreat attention for direct photocatalytic water splitting on account
of its appropriate bandgap (~ 2.7 eV) and high stability.15 Moreover,
GCNNs shows much higher negative conduction band (CB) and
lower VB potentials as compared to bulk g-C3N, because of its
guantum confinement effect.”® Thus imagine that GCNNs can be
ssintroduced as a second semiconductor with Ti:Fe,0; to form
heterojuction photoanode for superior water oxidation, which is
not reported so far. Furthermore, it is reported that CQDs can boost
charge carriers separation as well as shift the onset potential of the
photoelectrode, resulting in a higher photocurrent density.17 On the
soother hand, Kang et al"® have confirmed that the CQDs possess high
catalytic activity for H,0, decomposition on photocatalytic process
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of g-C3N,, then we imagine that their combination can also be
applied to the PEC process.
In  this paper we implement the concept of natural
photosynthesis using Ti:Fe,03; nanoarrays as the core and GCNNs as
sthe shell to form core-shell structure photoanode for PEC water
splitting through a facile step-by-step route. To extract the best
possible performance of Ti:Fe,0;, CQDs is selected as the sensitizer
owing to its high catalytic activity for H,0, decomposition as well as
the favorable electron transport behaviors. As results, the ultimate
10Ti:Fe,0;@GCNNs-CQDs  photoanode exhibits  surprising  high
photocurrent density (3.38 mA cm?at 1.23 Vrue) and efficiency with
respect to Ti:Fe,0;. The underlying mechanism is systematic studied
and the results show that each of which plays a specific role in the
process for superior PEC water oxidation.

sResults and discussion

A) Hydrothermal Vapor phase Spin-coating
&Calcination deposition process

Fig. 1 (A) Scheme illustration for the preparation of Ti:Fe,03;@GCNNs-CQDs
nanoarrays. (B) Top-view and (C) cross-sectional-view FESEM images of
Ti:Fe,0s3. (D) HRTEM images of Ti:Fe,0s3. (E) Top-view, (F) cross-sectional-

20view FESEM images, and (G) TEM image of Ti:Fe,03@GCNNs-CQDs. (H)
STEM-EDX element mapping for Ti:Fe,0;@GCNNs-CQDs.

As illustrated in Fig. S1A, the transmission electron microscopy
(TEM) image of the carbon quantum dots (CQDs) product shows its
morphology of ultra-small particles with a diameter of 1.70 nm. In

»sFig. S1B, the combination of clear peaks at 1379 cm? (D-bond) and
1593 cm™ (G-bond) for Raman spectrum of pristine CQDs are easily
observed.”” To explore the electronic structure and optical
properties of CQDs, the ultraviolet-visible diffuse reflectance
spectra (UV-vis DRS) and photoluminescence (PL) emission spectra

are performed. As shown in Fig. S1C, CQDs demonstrates its
intrinsic light absorption edge of 550 nm with the energy band gap
(Eg) of 2.22 eV, based on the Kubelka-Munk method.” Fig. S1D
records the PL spectra of CQDs with the excitation wavelengths
range from 300 to 500 nm, showing that the centered wavelength
s0f the emission peak shifts to higher values as the excitation

2| J. Name., 2012, 00, 1-3

wavelength increased, which probably originates from the
characteristic of CQDs itself, deriving from its surface defect
emission.” In addition, graphitic carbon nitride (g-C3N,)
demonstrates its morphology of ultra-thin nanosheets (Fig. S2),
swdenoted as GCNNs. Furthermore, Fig. S3 compares the UV-vis DRS
and PL emission spectra of GCNNs and bulk g-C3N,, and the results
indicate that the blue-shifted E; and PL spectra for GCNNs can be
ascribed to the quantum confinement effect with the conduction
band (CB) and valence band (VB) shifting in opposite directions.'®?
4 The preparation process of Ti:Fe,0;@GCNNs-CQDs photoanode
is demonstrated in Fig. 1A. Clearly, Ti-doped Fe,03 (Ti:Fe,0;)
nanoarrays are primarily fabricated on fluorine-doped tin oxide
(FTO) via a simple calcination-assisted hydrothermal approach.
Then, dicyandiamide is chosen as the precursor of GCNNs grown on
soTi:Fe,03; by method of vapour phase deposition method in furnace
in air at 550°C for 3 h to obtain the integrated Ti:Fe,0;@GCNNs
core-shell structure. Finally, the sensitization of CQDs is conducted
using a simple spin-coating strategy followed by drying at 100°C
overnight. In this way, the well-controlled CQDs sensitized
ssintegrated Ti:Fe,0;@GCNNs core-shell nanoarrays are successfully
synthesized. Similarly, Ti:Fe,0;@GCNNs and Ti:Fe,03/CQDs can also
be obtained by the method above except for the processes of CQDs
sensitization and GCNNs spin-coating process, respectively. In Figs.
1B and 1C, the typical field-emission scanning electron microscopy
s0(FESEM) of the top-view and cross-sectional-view images of Ti:Fe,0;
demonstrate its morphology of nanoarrays made up of numerous
nanorods, which diameter and length are ~100 and 500 nm,
respectively. The HRTEM image reveals the growth direction of the
Fe,03 nanorod along (104) with the lattice fringes of 0.37 nm (Fig.
6s1D), furthermore, Fe,0; shows its single crystalline nature (Fig. S4).
In addition the dual loading of GCNNs and CQDs on Ti:Fe,0;, the
frame structure of the compound photoelectrode is highly
maintained dues to the thin layers of GCNNs together with the
ultra-small of CQDs (Figs. 1E and 1F). Furthermore, the TEM image
700f Ti:Fe,0;@GCNNs-CQDs is performed for much clearly to see its
structure, showing that GCNNs nanolayers with thin thickness are
coated on the surface of Ti:Fe,0; to form the integrated core-shell
hybrid; CQDs are firmly and uniformly deposit on the surface of
GCNNs layers (Figs. 1G and S5). By comparing the selected area
sselectron  diffraction  (SAED) images of Ti:Fe,0; and
Ti:Fe,0;@GCNNs-CQDs (Fig. S4), we confirm the co-existence of
Ti:Fe,0; and GCNNs in the later. Further observation by the
elemental mapping images obtained by scanning TEM-energy-
dispersive X-ray (STEM-EDX) are demonstrated in Fig. 1H, showing
sothe presence of Fe, O, C, N, and Ti elements, and imply that GCNNs
layers are uniformly coated on the Ti:Fe,0; nanorods surface.

To investigate the structural, composition and interaction in
modified Ti:Fe,03 specimens, X-ray diffraction (XRD), Raman, and X-
ray photoelectron spectroscopy (XPS) techniques are systematically

ssinvestigated. The XRD patterns of the obtained four photoanodes
are presented in Fig. 2A, except for the peaks of Fe20323 and SnO,
(be from FTO substrate), there is no characteristic peaks
corresponding to GCNNs and CQDs. In Fig. 3B, the intrinsic Raman
bands of Fe,0; peaking at 222, 242, 286, 440, 496, 608, and 1316
wem™ are found for the Ti:Fe,0; based four photoanodes.24 For
specimens of Ti:Fe,0;/CQDs and Ti:Fe,0;@GCNNs-CQDs, there
appears characteristic peak corresponding to CQDs, locating at

This journal is © The Royal Society of Chemistry 20xx
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1595 cm™ (Fig. S1B). While there is no Raman peak for GCNNs, that the Fe 2p and O 1s spectra for Ti:Fe,0;@GCNNs-CQDs show
during that the laser wavelength of 532 nm cannot make it excited. slightly the increasing BEs than that of Ti:Fe,05 (Fig. S8), indubitably
It is interest to observe that the slightly changing of Raman shift at manifesting the interaction among CQDs, GCNNs and Ti:Fe,03. Fig.
222 cm™ is found for modified Ti:Fe,05-based three photoanodes in 3s2E shows the high-resolution XPS C 1s spectra, it can be clearly seen
scomparison with the Ti:Fe,0; (Fig. S6), powerfully suggesting that that three peaks with BEs at 284.6, 286.1, and 288.0 eV are
observed, corresponding to theC-C, C-O in caps™ (or C-N in

Published on 01 May 2018. Downloaded by University of New England on 01/05/2018 11:04:49.

A) , & Fe,0, PDF#33-0664 B)[, Fe,0, g G(159) GCNNs),15 and C=0 in CQDs*® (or N-C=N in GCNNs),15 respectively.
_ v SnO, PDF#46-1088 | N T In the region of N 1s spectrum (Fig. 2F), three strong peaks with
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.g &) (PSSO S v, g K) &4 '3 (c) the pyridinic nitrogen (C-N=C), pyrrolic nitrogen (C-N-C), and
N | A L £ i :::; quaternary nitrogen (N-(C);) of GCNNs™* can be observed, which
. "Al"*' : means that the modified Ti:Fe,0; contains the component of
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Fig. 2 (A) XRD patterns and (B) Raman spectra of (a) Ti:Fe,0s, (b) 06 07 08 09 10 11 12 100 200 300 400
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Ti:Fe,03:@GCNNs, (c) Ti:Fe,0;/CQDs, and (d) Ti:Fe,0;@GCNNs-CQDs E)80 F)
80
specimens. XPS spectra of (A) Fe 2p, (B) O 1s, (C) C 1s, and (D) N 1s for aa\\ -E.EE)) % 4 1.23 V vs. RHE
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0
the strong interactions among GCNNs, CQDs andTi:Fe,0; leads to & TR 0 s e ek g
an increased probability of charge exchange and transfer among 20 Yavsiensthiom 5!
them?® for high separation of photogenerated charge carriers in PEC 0 . - = . S
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water oxidation. Moreover, the Raman signal at 660 cm ! can only Wavelength /nm Time /h

1sbe found for Ti:Fe,0; (Fig. S7), which manifests the incorporation of
Ti atoms into the Fe,0s, ascribing to the disorder-sensitive mode Fig. 3 Solar-light-driven PEC performances of (a) Ti:Fe;05 (b)
generated by the Ti** dopant incorporation.*?® Fig. 2C-F shows the s0Ti:Fe;0;@GCNNs, (c) Ti:Fe,05/CQDs, and (d) Ti:Fe;0;@GCNNs-CQDs
XPS spectra of Fe 2p, O 1s, C 1s, and N 1s, respectively, for photoanodes, respectively, for water oxidation in 1 M KOH at pH 13.6: (A)
Ti:Fe,0;@GCNNs-CQDs specimen. The Fe 2p detailed high- LSV plots recorded under AM 1.5G illumination, 100 mW cm™ (dark currents

wresolution XPS spectra is shown in Fig. 2C, and the Fe 2p;;, and Fe  are shown in the dash lines); (B) /-t curves at 1.23 Viue; (C) ABPE spectra; (D)
2p3;, binding energies (BEs) of 724.5 and 710.7 eV are fully potential (Vrue) versus time for photoelectrodes, at 1 mA em?; (E) IPCE
consistent with typical values reported for Fe203.27 In addition, the ssspectra obtained at 1.23 Vg (inset: APCE spectra). (F) Long-time stability
BEs of 713.5 and 709.7 eV together with the satellite peak of Fe testrecorded on 1.23 Vg under AM 1.5G illumination for Ti:Fe,03@GCNNs-
2p3)yat Centered at 717.6eV are all characteristics of Fe®* 2% Fig.  CQDs photoanode.

»2D illustrates the O 1s spectrum region, which can be decomposed
into three well-fitted peaks locating at 530.1, 531.2 and 533.1 eV, To evaluate how the modification of CQDs and GCNNs affect the
can be assigned to Fe-O, O-H, and O=C-O* groups, respectively.’**? PEC water-oxidation of our Fe,03; photoelectrodes, we perform
Notably, the pronounced shoulder for O-H group in sosystematically their performances in a typical three-electrode cell
Ti:Fe,0;@GCNNs-CQDs (Fig. 2D) compared with Ti:Fe,O; (Fig. S8) using a simulated solar light (AM 1.5G). In our study, Ti:Fe,0; is

wtogether with the 0=C-O* group indicates the existence of CQDs in €MPloyed as a model photoanode, for that the Ti-dopant can
this composite photoelectrode.31 Besides, it is worth mentioning effectively boosts the charge separation by reason of anodic-shifted

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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flat band potential (Eq) (Fig. S10) that can boost band-bending,14
resulting in significant performance improvement of photocurrent
density. As a result, the 0.5 at.% Ti dopant Fe,0; (labelled as
Ti:Fe,03) bring out the maximum current density of 1.66 mA em? at
51.23 Vgye (versus reversible hydrogen electrode) (Fig. S11). To gain
the higher PEC behaviour, we optimize the Ti:Fe,0; through
controlled experiments by comparing the loading amounts of
GCNNs (Fig. S12) and CQDs (Fig. S13), respectively. Notably, the
optimized Ti:Fe,0;@GCNNs and Ti:Fe,0;/CQDs show much
wwenhanced photocurrent densities of 2.75 and 2.49 mA em? at 1.23
Vrue, respectively, as compared with Ti:Fe,05. Significantly, the
linear sweep voltammetry (LSV) plot in Fig. 3A reveals that
Ti:Fe,03@GCNNs-CQDs exhibits an prominent photocurrent density
of 3.38 mA cm™ at the same potential, which is two and about eight
istimes higher than that of Ti:Fe,0; and Fe,0; (Fig. S11), respectively.
These results confirm that our fabricated hybrid structure in favor
of charge separation and transportation for PEC water-oxidation
(vide-infra), with their results are comparable to the high
performance of hematite reported recently (Table S1). Notably, an
wnapparent cathodic shift on onset potentials observed for both
specimens of Ti:Fe,03;/CQDs and Ti:Fe,0;@GCNNs-CQDs, shifting
ca. 70 mVgye which can be much more apparently seen in spectrum
of first-order derivative of the photocurrent density as a function of
voItage35 (Fig. S14). The above phenomena shed light on that the
»sCQDs can perfect the kinetic of Fe,0; for water oxidation.
Moreover, the steady state photocurrent based on amperometric /-
t curves at 1.23 Vg (Fig. 3B) together with the transient
photocurrent responses under chopped light (Fig. S15) are further
conducted to analyse the photocurrent density improvement by
sincorporation of CQDs and GCNNs. Gratifyingly, these results are in
high accordance with the LSV results.

Furthermore, an analysis of the applied bias photon-to-current
efficiency (ABPE) characteristics derived from the LSV plots show
that the composite electrode configuration (Ti:Fe,0;@GCNNs-

35CQDs) shows its ABPE value of 0.33%, which is much higher than
the values obtained for all the other three photoanodes (Fig. 3C). To
evaluate how the extent of coupling of GCNNs and CQDs affects the
over potential of the Ti:Fe,0; photoanode, we compare the
potentials by providing the same current density (1 mA cm'z) for
weach photoelectrode (Fig. 3D), which is a measurement for
characterizing their charge separation and transportation
behaviours. As results, the over potential decreases in the order of
Ti:Fe,05; < Ti:Fe,0;@GCNNs < Ti:Fe,05/CQDs < Ti:Fe,0;@GCNNs-
CQDs, with their values of 1.07, 1.03, 0.99, and 0.96 Vgug
ssrespectively. To further identify our well-designed hybrid structure,
the incident photon-to-current efficiency (IPCE) and absorbed
photon-to-current efficiency (APCE) spectra are also conducted
under PEC water-oxidation conditions. These constructed
Ti:Fe,03@GCNNs-CQDs hybrid photoanode is optimized to exhibit
soboth the high IPCE and APCE values in the wavelength range from
400 to 650 nm compared to that of Ti:Fe,0; (Fig. 3E), which is
consistent with the LSV plots. The maximum IPCEs are achieved at
400 nm, which are 34.8, 63.2, 58.8, and 77.4% for Ti:Fe,03,
Ti:Fe,0;@GCNNs, Ti:Fe,03/CQDs, and Ti:Fe,0;@GCNNs-CQDs,
ssrespectively. In a word, the enhanced PEC water-oxidation
performances of Ti:Fe,0;@GCNNs-CQDs are expected to be
assigned to the reasons of the enhanced charge separation, the
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boosted water-oxidation kinetics as well as the fast electrons
transport owning to its high conductivity. The long-term current

sodensity versus time (/-t) performance for Ti:Fe,0;@GCNNs-CQDs is
conducted (Fig. 3F); the current density is well matched with the
LSV result, with highly stable behavior for more than 5 h.

A)100 B) 40
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80 < 30 —(b)
ES e = (c)
8 001 2 —(d)
g § 20-
& 40 3
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20/ 10
(] T T T T (] T T T T
0.8 1.0 1.2 1.4 1.6 0.6 0.8 1.0 1.2 1.4 1.6
Potential /V vs. RHE Potential /V vs. RHE
C) s - D)10
= (a) -~ . —=(a)
e 4 (b) 8 — = (b)
o (c) (c)
0& 31 . (d) g 6 —u (d)
=4 H
X 2 N 4
5 o
S / 2;
R (T
0 ,,,m;‘gsgsﬂ‘ﬂasio:'} (153 ol
0.6 0.8 1.0 1.2 1.4 0 1 2 3 4
Potential /V vs. RHE Z' [kQ

esFig. 4 (A) Surface charge injection efficiency, (B) bulk charge separation
efficiency, (C) M-S plots collected at a frequency of 1 kHz in dark, and (D) EIS
Nyquist plots under AM 1.5G illumination for based Ti:Fe,03; photoanodes of
(a) Ti:Fe,0s, (b) Ti:Fe,03s@GCNNs, (c) Ti:Fe,05/CQDs, and (d)
Ti:Fe,0;:@GCNNs-CQDs, respectively.

70 To gain insights into the effect of surface coupling of CQDs and
GCNNs on enhancement of photocurrent density of Ti:Fe,03, the
surface charge injection efficiency (Ninjection) and bulk charge
separation efficiency (Neeparation) are also carried out by a
comparison study between J,0 and 15032' (the photocurrent density

ssachieved by oxidation of H,O and Na,SO;) as well as the theory
current density (J,), @ product of the AM 1.5G spectrum and the
light harvesting efficiency (LHE) of the photoelectrode. The
comparison of the Jy,0 and J5032' for each photoanode, the LHE
together with the J,,, are shown in Figs. S16 and S17. As results,

80the Minjection AN Nseparation are plotted in Figs. 4A and 4B, respectively,
and the well-constructed Ti:Fe,0;@GCNNs-CQDs  hybrid
photoanode can able to reach Niyjection Of 87.3% at 1.23 Ve, which
is much higher than those of Ti:Fe,0; (62.4%), Ti:Fe,O03@GCNNs
(80.0%), and Ti:Fe,03/CQDs (71.9%), respectively. The observed

ssenhancement of Njpjection fOr Ti:Fe;03@GCNNs and Ti:Fe,05/CQDs
suggests that the GCNNs and CQDs can augment the separation of
photogenerated electron-hole pairs, illuminating that more holes
can arrive the electrode/electrolyte interface for participating the
PEC water oxidation reaction, compared to Ti:Fe,0; electrode.

soFurthermore, the above tendency is also observed for Nseparation at
1.23 Vg for Ti:Fe,0;@GCNNs-CQDs with respect to Ti:Fe,O; (Fig.
4B), Ti:Fe;03@GCNNs, and Ti:Fe,05/CQDs, with their Neeparation
values to be 28.5, 21.0, 25.5, and 26.4%, respectively. These results
indicate that the formed heterojunction in Ti:Fe,0;@GCNNs-CQDs

sshybrid can control the charges behavior, which can facilitate the
electron-hole pairs separation in bulk of Ti:Fe203.36

This journal is © The Royal Society of Chemistry 20xx
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To further discuss the effect of GCNNs and CQDs on the electrical
properties of Ti:Fe,0;, Mott-Schottky (M-S) plots and
electrochemical impedance spectroscopy (EIS) measurements are
conducted on the photoelectrodes. Fig. 4C compares the M-S plots

sof Ti:Fe,03-based four photoelectrodes in dark condition with 1 kHz
frequency in 1 M KOH, revealing that all the photoelectrodes show
the positive slope, indicating their n-type semiconductor nature.
The charge carrier density, Np, is derived from the slope of the M-S
plots, producing values of 1.3><1020, 5.8><102°, 3.O><102°, and

1068.7x10%° cm™ for Ti:Fe,0s, Ti:Fe,0;@GCNNSs, Ti:Fe,05/CQDs, and
Ti:Fe,0;@GCNNs-CQDs, respectively. This suggests that loading of
CQDs and GCNNs can increase donor density of Ti:Fe,03
independently, and a further higher donor density is achieved by
coupling of them simultaneously due to better charge separation

isand transport which inhibits bulk/surface recombination.”’ By
extrapolating the M-S plots to the x-axis (i.e., 1/C2 = 0) to achieve
the intercept, that the value represents the Eg, of a photoelectrode.
Clearly, in comparison with the Ti:Fe,0; specimen, the other three
Ti:Fe,05-based hybrid photoanodes exhibit an positive shift of Eg,

0which suggests that the composite photoanodes have decreased
band bending, which is beneficial to the facilitated
electrode/electrolyte interface charge transfer as well as the
increased semiconductor/electrolyte interface.®®

In Fig. 4D, EIS technique is conducted under an open circuit

»spotential (OCP) condition and AM 1.5G irradiation, which can used
to expound the charge separation and transportation process in this
photoanodes. The equivalent circuit shown in Fig. S18 is used for
fitting the EIS data, in which R;, Ry.,p, and Ry express as the series
resistance at the interface between the FTO substrate and bulk

30Ti:Fe,03, the bulk charge trapping resistance, as well as the surface
charge transfer resistance at the photoelectrode/electrolyte
interface,37’38 respectively, with their fitting results listed in Table
S2. It can be clearly seen that the R is found dramatically decreased
with loading GCNNs and CQDs on Ti:Fe,0; in sequence with respect

ssto pristine Ti:Fe,03, which suggests that the electron leakage case
on exposed FTO is well protected.39 Moreover, the Ry,, for
Ti:Fe,0;@GCNNs-CQDs is 30 Q which is much smaller than that of
Ti:Fe,0; (589 Q), because of the effective surface coupling by
GCNNs and CQDs, indicating the high efficiency of formed

wheterojunction for water oxidation.”’ Meanwhile, it is also notable
that a smallest R value for Ti:Fe,O;@GCNNs-CQDs is observed
relatives to the other photoanodes, suggesting that the charge
transfer resistance is dramatically decreased after loading of GCNNs
and CQDs dues to their favorable electron transport behaviors, a

sssignificant process for higher PEC performance owing the fast
charge transfer characteristic.

To gain in-depth insight into the superior PEC performance of
water oxidation, the comparison rate of H, or O, generation on
Ti:Fe,05 and Ti:Fe,0;@GCNNs-CQDs photoanode at 1.23 Vgye under

s0AM 1.5G illumination is demonstrated in Fig. 5. The O, generation
rate on Ti:Fe,0;@GCNNs-CQDs photoanode is found to be 2-fold
larger than that of Ti:Fe,05, corresponding to 27.0 and 11.9 umol h°
1, respectively. The faradaic efficiencies (n) of O, generation for
Ti:Fe,0;@GCNNs-CQDs and Ti:Fe,0; photoanodes are calculated to

ssbe 91.2 and 90.1%, respectively. Note that these m values are
slightly lower than expected (100%), which probably due to the gas
leak during collection.*

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 The generation of H, and O, with Ti:Fe,0s (left) and Ti:Fe,03;@GCNNs-
60CQDs (right) photoanodes and the concurrent i-t curves at 1.23 Vgye under
AM 1.5G illumination.

To achieve highly efficient PEC conversion, the pivotal factor
focuses on maximize extracting the photogenerated charge carriers
to the surface while impressing their recombination. Therefore, we

ssanalyse the energy band positions of each component in
Ti:Fe,0;@GCNNs-CQDs photoanode, for fully understanding the
working mechanism of the transportation of these photogenerated
charge carriers. Ti:Fe,0;, GCNNs and CQDs demonstrate their
optical Eg values of 2.05, 3.05 and 2.22 eV, respectively, as shown

sorespectively in Figs. S19, S3A and S1C. As for Ti:Fe,0; and GCNNs
specimens, the Eg, values are first performed to estimate their Egg
positions base on method of M-S plots, which are -0.15 and -1.39 V
vs. Ag/AgCl (Figs. S10 and S20), respectively. Because of the small
difference between Eg, and Ecg for n-type semiconductor nature,”*

ssthe Eqg potential levels for Ti:Fe,0; and GCNNs are calculated to be
0.05 and -1.19 V vs. NHE,10 respectively. Additionally, according to
the cyclic voltammetry (CV) curve in Fig. S21, the LUMO level of
CQDs can be estimated to be -0.83 V vs. Ag/AgCl, that is -0.63 V vs.
NHE. Thus, the Eyg (or HOMO) level for Ti:Fe,0;, GCNNs and CQDs

soare reckon up to be 2.1, 1.86 and 1.59 V vs. NHE, respectively, by
equation of Eyg = Ecg + Eg.41 To observe clearly the Eg, Ecg (or LUMO)
and Eyg (or HOMO) of Ti:Fe,03, GCNNs and CQDs, their values are
summarized in Table S3.

In our LSV results (Fig. 3A), the much enhanced photocurrent

ssdensity responses of Ti:Fe,O0;@GCNNs and Ti:Fe,0;/CQDs are
achieved with respect to Ti:Fe,0;, indicates the higher separation
efficiency of photogenerated electron-hole pairs in integrated
heterojunction system photoanodes (Fig. S22), which can also be
proved by the photoluminescence (PL) spectra (Figs. S23 and S24).
soFurthermore, it is reported that CQDs shows high catalytic activity
for H,0, decomposition, an intermediate of PEC water oxidation,
which higher reaction rate may be achieved in this process.ls’27 As
state above, the proposed schematic diagram illustrating the
mechanism of Ti:Fe,0;@GCNNs-CQDs for PEC water splitting is
ssgiven in Scheme 1. Under AM 1.5G illumination, photogenerated
electron-hole pairs are firstly obtained respectively in specimens of
Ti:Fe,0;, GCNNs and CQDs. Clearly, VB-holes of Ti:Fe,03 can rapidly
transfer to VB-holes of GCNNs, and subsequently to VB of CQDs;

J. Name., 2013, 00, 1-3 | §
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then the VB-holes of CQDs could contribute to a high rate activity
for water oxidation by the stepwise two-electron/two-electron
process: (i) 2H,0 = H,0, + Hy; (ii) 2H,0, - 2H,0 + 0,."® To confirm
A) Ti:Fe,0,«-----~|
GCNNs +----—4 d? Pt wire
6QDs «-----@ %0 0

>

H2
H o)

2

It
B) I
e \
Ie ©
H,0
o, 3
2
h&
H,0
2 A _ |
GCNNs'
Ti:Fe,0, FTI Pt wire

sScheme 1. (A) Schematics of the CQDs modified heterojunction system of
Ti:Fe,03@GCNNs core-shell heterostructure used for PEC water splitting. (B)
The energy band schematic of our heterojunction structure.

this suppose, LSV plots based on CQDs integrated photoanodes are
performed in 0.05 M (pH = 7.0) phosphate buffered 25 mM H,0,
wsolution in dark condition (Fig. S25), with its results suggest the fact
that CQDs shows indeed the catalytic ability for H,0,
decomposition, in agreement with the previous report.18 At the
same time, CB-electrons of GCNNs can be quickly injected to CB of
Ti:Fe,0;, then flow to the FTO substrate, and ultimately to the Pt
1scounter electrode for water reduction. In addition, we find that the
CB-electrons of CQDs are leaved, which also can be used for water
reduction (Fig. S26), due to the suitable CB level position and high
conductivity of CQDs as well as its higher transfer rate of electrons
than holes. As such, charge recombination in Ti:Fe,0; can be
weffectively suppressed after introducing of GCNNs and CQDs, and
therefore more holes can be released for water oxidation. We
therefore attribute the superior PEC performances of our
Ti:Fe,0;@GCNNs-CQDs  photoanode to: i) the delicate
heterojunction designing for efficient charge separation and
»stransportation; ii) the introduction of CQDs to contribute high rate
activity for water oxidation by the stepwise two-electron/two-
electron process; iii) the favorable electron transport behaviors of
CQDs that boosts charge separation. We are therefore confident

6 | J. Name., 2012, 00, 1-3

that the delicate structure presented herein provide new insight
into the design of high PEC systems.

Conclusions

In summary, we presented an integrated artificial photosynthesis
system of Ti:Fe,0;@GCNNs-CQDs, which processes smart high
photocurrent density, high stability, and efficient surface charge

ssinjection and bulk charge separation efficiency. The resulting
ternary system shows a water oxidation photocurrent density of
3.38 mA cm” at 1.23 Vrue, Which is 2-fold higher than that of
Ti:Fe,0; and a comparable value to that of many reported
promising photoanodes. There are mainly two factors leading to the
whighly efficient PEC performance, which is that the greatly
enhanced separation of charge carriers at interface of
Ti:Fe,0;@GCNNs deriving from the delicate heterojunction
constructed; the high catalytic behaviour of CQDs for H,0,
decomposition leading to rapidly oxidized to O, through two-step-
sstwo-electron reaction partway. Our sunlight-driven PEC water-
splitting device paves the way toward to design solar-to-fuel
conversion efficiency photoelectrodes with low cost, highly efficient
as well as stable.
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