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Advancing Hematite Photoanodes for Photoelectrochemical
Water Splitting: The Impact of g-C;N, Supported Ni-CoP on

Photogenerated Hole Dynamics

Mengya Yang, Louise | Oldham, Matyas Daboczi, Yasmine Baghdadi, Junyi Cui,
Daniele Benetti, Weilin Zhang, James R Durrant, Anna Hankin,* and Salvador Eslava*

The increasing demand for clean hydrogen necessitates the rapid development
of efficient photoanodes to catalyze the water oxidation half-reaction effectively.
Here a strategy is introduced to fabricate photoanodes that synergistically
combine and leverage the properties of porous Ti-doped hematite (Ti-Fe,O;)
and graphitic carbon nitride (g-C;N,) nanosheets anchored with in situ

grown Ni-doped CoP co-catalyst (Ni-CoP). The resulting hybrid photoanodes
exhibit >7 times higher photocurrent density at +1.23 Vg, compared with
Ti-Fe,O; photoanodes. Comprehensive characterization techniques, including
ambient photoemission spectroscopy, intensity-modulated photocurrent
spectroscopy, and transient absorption spectroscopy complementarily

reveal the key impact of g-C;N, in these composites with enhanced solar
oxygen evolution reaction: The incorporation of g-C;N, leads to enhanced
charge separation through a type-Il heterojunction, thereby increasing the
hole flux at the surface, and extending the charge carrier lifetime to the ms-s
range needed for water oxidation. Additionally, g-C; N, facilitates efficient
transfer of photogenerated holes to the fine Ni-CoP nanoparticles confined

in the graphitic matrix for a boosted oxygen evolution reaction. These
findings highlight the advantages of complex heterostructure photoanodes
and demonstrate a new application of g-C;N, as a multifunctional

support of co-catalysts for future photoanodes with enhanced performance.

energy storage in clean fuels such
as hydrogen.'*! Among the various
semiconductors  explored, hematite
has attracted considerable attention
due to its natural abundance, suitable
bandgap in the visible wavelength range
(2.0 — 2.2 eV), and long-term chemical
stability.>”’”] Theoretically, hematite has
the potential to achieve a photocurrent
density up to 12.4mAcm2.3% How-
ever, its practical application is hindered
by poor bulk charge carrier mobility,
short excited-state lifetime (<10 ps),
and sluggish water oxidation kinetics
on its surface.’™12] To address these
limitations and improve the efficiency of
hematite photoanodes, various strategies
have been employed, such as nanostruc-
turing, doping, heterostructure forma-
tion, and cocatalyst deposition.[®13-1%] For
example, Ti doping adds n-type character
and conductivity, improving photocur-
rents and stability.[1®17] Of particular note
is the strategy of enhancing the surface
of hematite photoanodes with water-
oxidation catalysts, notably group VIII
metals (Fe, Co, and Ni) (oxy)hydroxides

1. Introduction

Solar-driven photoelectrochemical (PEC) water splitting using
semiconductor materials represents a clean method for solar

or phosphides, which has shown promise in enhancing PEC
performance.[*$-20]

Nonetheless, a key challenge remains in establishing an ef-
ficient interface between the photoanode and catalyst, as well
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as in the injection of the electrolyte for water oxidation. Mis-
matched interfaces between hematite and catalyst, which may
serve as charge recombination centers, hamper the charge trans-
fer and injection despite the otherwise good performance of the
catalyst.[?!! Addressing this issue requires the development of
facile and efficient approaches to create high-performing catalyst-
modified hematite photoanodes. One precise approach involves
introducing a heterojunction interface. For example, a crystalline
a-Fe, 0, /Fe, TiOs heterojunction improves charge separation and
PEC response due to improved charge separation driven by more
favorable band alignment.??l Moreover, p-type NiO forms a p-
n junction, which aids charge transport, separation, and oxy-
gen evolution.[?*] Similarly, a Co,0,-modified p-n junction of
CaFe,0,/a-Fe,0, can reduce recombination, resulting in a five-
fold increase in PEC response at +1.23 Vp,y compared with
bare a-Fe,0;, and a negative onset potential shift to +0.6 V.
Co,0, can serve a dual role, passivating the surface and enhanc-
ing water oxidation kinetics.[?* The effects of these heterojunc-
tions have been mainly centered on facilitated charge separa-
tion and band bending. However, their impact on charge car-
rier dynamics, especially in maintaining photoinduced holes on
the ms-s timescale required for the oxygen evolution reaction
(OER), is still not well explored. In this context, transient ab-
sorption spectroscopy (TAS) has been shown to be a powerful
technique to investigate how cocatalysts can influence the life-
time of hole populations in semiconducting photoanodes. For ex-
ample, TAS demonstrated that the addition of Co—Pi co-catalyst
on hematite can extend hole lifetimes to the ms-s timescale
by reducing back electron/hole recombination, thereby facilitat-
ing a more efficient OER.I®] Despite this progress, fabricating
high-performing catalyst-modified hematite photoanodes yield-
ing the long-lived holes required for OER function is still a crucial
challenge.

Recently, there has been much attention focused on 2D g-C;N,
(CN) nanosheets owing to their high thermal and chemical stabil-
ity caused by their polymeric nature consisting of C, N, and some
impurity H, connected via tris-triazine-based patterns, and CN
exhibits visible light absorption with a bandgap of ~2.7 eV.126-28]
These properties make CN a good candidate for constructing het-
erostructures with other semiconductors to enhance charge car-
rier separation, lifetime of photogenerated charge carriers, and
light utilization. These properties have been widely exploited in
the formation of photocatalytic composites such as Z-scheme
heterojunctions, but remain poorly explored in photoelectrodes
along with its impact on charge carrier dynamics.[?%3% Addition-
ally, the nanosheet structure of CN provides a unique platform
of large accessible surfaces for supporting small catalytic parti-
cles, and even single-atom catalysts, without aggregation, offer-
ing control over morphology, structure, number of active sites,
and mass transfer.[3132]

In this work, we investigate the effect of anchoring ultra-
fine catalytic Ni-doped cobalt phosphide (NCP) nanoparticles on
CN nanosheets and incorporating them onto hematite photoan-
odes to boost their PEC performance. The resulting photoan-
odes, consisting of porous nanostructured Ti-doped hematite
(Ti-Fe,05) coated with CN-supported NCP nanoparticles (Ti-
Fe,0,/CN/NCP), deliver a high photocurrent density of 2.01 mA
cm™? at +1.23 Vg, compared with 0.28 mA cm™2 at +1.23 Vg
of the Ti-Fe,0, photoanode. Techniques such as ambient pho-
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toemission spectroscopy (APS), intensity-modulated photocur-
rent spectroscopy (IMPS), and bias-dependent TAS, show that
CN serves as a high surface area support that facilitates the dis-
persion and stabilization of small, 10-nm size NCP nanopar-
ticles for more efficient catalysis. Furthermore, CN/NCP pas-
sivates recombination surface states on hematite and forms a
hematite/CN type-II heterojunction that boosts charge transfer
and separation, and accumulation for enhanced charge dynam-
ics and catalysis. These findings and the revealed mechanisms
emphasize the benefits of using CN as catalyst support for pho-
toanodes, providing an efficient method for the addition of co-
catalysts on promising photoanodes for solar fuels and chemical
production.

2. Results and Discussion

2.1. Structural and Morphological Analysis

Ti-Fe,O; was chosen as a candidate to investigate the effects of
CN and a supported catalyst. The fabrication process of the Ti-
Fe,0,/CN/NCP photoanode is outlined in Figure 1a, with de-
tailed information available in the Experimental Section of the
Supporting Information. Initially, CN was obtained by anneal-
ing urea, followed by the growth of Ni-doped Co;O, on CN
(CN/NCO), and a subsequent phosphidization step to convert
the CN-supported NCO to Ni-doped CoP (CN/NCP). Ni-doped
CoP was chosen over CoP due to its superior performance.?334]
Ti-doped Fe,0; (Ti-Fe,O;) was hydrothermally synthesized on
fluorine-doped tin oxide (FTO) coated glass. Finally, the Ti-
Fe,0,/CN/NCP samples were obtained by spin-coating CN/NCP
onto Ti-Fe,0; six times. The morphology and thickness of
the synthesized films were characterized by scanning electron
microscopy (SEM). The SEM micrographs of Ti-Fe,O; show
that this is a porous and rough film of ~2.5 pm thickness
(Figure 1b,c). The added CN/NCP can be clearly observed in the
SEM micrographs of Ti-Fe,O,/CN/NCP as dispersed graphitic
material covering the rough and porous Ti-Fe,O, (Figure 1d.e).
No differences can be observed between the SEM micrographs
of Ti-Fe,0,;/CN/NCP and Ti-Fe,0,/CN, suggesting that NCP
is of very small dimensions (Figure S1, Supporting Informa-
tion). Transmission electron microscopy (TEM) micrographs of
CN/NCP show that NCP nanoparticles are ~10 nm wide and
are well dispersed and embedded in the CN nanosheets (Figure
S2, Supporting Information). TEM and high-resolution TEM
(HRTEM) micrographs show that the Ti-Fe,O, film consists of
~100 nm nanoparticles. Their resolved lattice fringe with an in-
terplanar spacing of 2.51 A matches well with the (110) plane of
a-Fe, 0, (Figure 1f,g; Figure S3, Supporting Information). TEM
and HRTEM micrographs also show that surrounding the a-
Fe, O, particles, there are 10 nm CoP nanoparticles, with an inter-
planar spacing of 2.81 A, corresponding to the (011) plane of CoP,
embedded and uniformly dispersed in the CN sheets (Figure 1h,i;
Figure S3, Supporting Information).*>! Energy dispersive X-ray
spectroscopy (EDX) and TEM mapping (Figure S3d-1, Support-
ing Information) confirmed the existence of Fe, Ti, O, C, N, Nj,
Co, and P elements, in which Fe, Ti, and O compose Ti-Fe, 0, C
and N compose CN, and Ni, Co and P compose NCP. The EDX
results demonstrate the homogeneous distribution of CN/NCP
on the Ti-Fe, O, film. To verify the crystal structure and phases of
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Figure 1. a) Schematic illustration of the synthesis of Ti-Fe, O3 /CN/NCP. b,d) Top and c,e) cross-section SEM micrographs of b,c) Ti-Fe,O3 and d,e)
Ti- Fe203/CN/NCP f,h) TEM and g,i) HRTEM micrographs of f,g) Ti-Fe,O; and h,i) Ti-Fe,O3;/CN/NCP. j) SEM micrographs of Ti-Fe, O3 /CN/NCP. k—s)
EDX elemental maps of k) the overlap of all elements, I) Fe, m) O, n) Ti, 0) C, p) N, q) Ni, r) Co, and s) P in Ti-Fe,O;/CN/NCP.

synthesized samples, X-ray diffraction (XRD) patterns were col-
lected on the different materials (Figure S4a, Supporting Infor-
mation). All the Ti-Fe, O, samples produced well-defined diffrac-
tion peaks, characteristics of a-Fe,O; (JCPDS 79-0007), while
there are no obvious peaks for the loaded CN/NCP on the Ti-
Fe, 0, samples due to its small dimensions and relatively smaller
amount. The g-C;N, XRD peaks can instead be observed in the
CN, CN/NCO, and CN/NCP powder samples (Figure S4b, Sup-
porting Information).*®) CN/NCO also shows another two peaks
at 36.7 and 44.8° (26), corresponding to Co;0, (JCPDS 29-0497),
and CN/NCP shows instead two peaks at 31.7 and 48.2° (26), cor-
responding to CoP (JCPDS 42-1467).

To characterize the elemental composition of the surface and
electronic states of the elements of the various components of the
fabricated photoanodes, X-ray photoelectron spectroscopy (XPS)
was carried out. The XPS survey spectrum of Ti-Fe,0,/CN/NCP
shows that Fe, Ti, Co, Ni, C, N, and O elements exist in the
composite photoanodes (Figure S5, Supporting Information),
confirming the EDX data. High-resolution Fe 2p XPS spectrum
shows two intense peaks at 724.7 and 711.3 eV, correspond-
ing to Fe 2p,, and Fe 2p;, in Fe,0, (Figure S6a, Supporting
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Information).’”) High-resolution Ti 2p XPS spectrum shows that

the Ti doping on hematite exists in the form of Ti** (Figure S6b,
Supporting Information).[®! High-resolution O 1s XPS spectra
exhibit three peaks located at 529.8, 531.0, and 532.5 eV, corre-
sponding to metal (Fe, Co)—0O, Fe—OH, and C—O bonds, respec-
tively (Figure 2a). Combined with the analysis of XRD and TEM,
the results confirm that the phase of Ti-Fe, O, is pure a—Fe,0;,
in which Ti is just a dopant that does not create a separate crys-
tal phase. As displayed in Figure 2b, in pristine Ti-Fe,0,, the
high-resolution C 1s XPS spectra of Ti-Fe,O, can be deconvo-
luted into two peaks at 284.8 and 286.1 eV, respectively, assigned
to C—C bonds and C—O bonds, respectively,*! whereas in Ti-
Fe,0;/CN and Ti-Fe,0;/CN/NCP, there is an additional peak at
288.4 eV, which is assigned to N—C=N bonds in CN. The pres-
ence of CN in Ti-Fe,0,/CN/NCP is further confirmed by the re-
sults in the high-resolution N 1s XPS spectra in Figure 2c, in
which the N Is spectrum exhibits two peaks at 406.1 and 398.4 eV,
attributed to N—O and graphitic N, respectively, showing the suc-
cessful synthesis and loading of g-C;N, (Figure 2¢).*”) Owing
to the binding energy overlap of Co 2p and Fe LMM, as well as
the small amount loading of Co and Ni on composites to avoid
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Figure 2. High-resolution XPS spectra of a) O 1s, b) C 1s, ¢) N 1s, and d) P 2p on the Ti-Fe, O3, Ti-Fe,O3/CN, and Ti-Fe, 03 /CN/NCP photoanodes.

parasitic absorption and dark current,[#?] the high-resolution
XPS spectra of Co 2p and Ni 2p on Ti-Fe,O;, Ti-Fe,0,/CN, and
Ti-Fe,0,/CN/NCP are not informative (Figure S6¢,d, Supporting
Information). Therefore, the high-resolution XPS spectra of Co
2p and Ni 2p of CN, CN/NCO, and CN/NCP were instead mea-
sured, confirming the existence of Co**/Co?* and Ni**/Ni?*, in
agreement with literature.[*}] In the high-resolution P 2p XPS
spectra in Figure 2d, three deconvoluted peaks can be observed
with two peaks at 129.3 and 130.3 eV for P 2p;, and P 2p, ,, re-
spectively, assigned to the core of the Ni-CoP nanoparticles, and
one peak at a higher binding energy of 134 eV assigned to P—O
bonds in P species like PO,3~ or P, O due to surface oxidation.[*/]
These analyses confirm the successful synthesis and integra-
tion of CN and NCP with Ti-Fe, O, highlighting the composite’s
complex structural and electronic characteristics essential for en-
hanced PEC performance.

2.2. PEC Water Oxidation

To evaluate the performance of the fabricated photoanodes, sys-
tematic photoelectrochemical (PEC) measurements were con-
ducted in a three-electrode cell. Initially, the light-chopped
current-potential (j-V) curves were measured in 1 M NaOH so-
lution (pH 13.7) under simulated sunlight (100 mW cm~2, AM
1.5 G) through the glass side (back illumination) (Figure 3a).
All the photoanodes show a photoresponse upon turning on the
light. The Ti-Fe,0, photoanode shows a late onset potential at
+0.8 Vi, in good agreement with most reported values for
hematite due to Fermi level pinning at surface states that limit
band bending for charge separation and injection to the elec-
trolyte, as well as due to poor catalytic surface for the difficult
4-electron oxygen evolution reaction (OER).[***¢] The onset po-
tential of Ti-Fe, O, after coating with CN is slightly cathodically
shifted to +0.75 Vg compared with Ti-Fe,O; (+0.80 Viyr),
while the onset potential of Ti-Fe, O, after coating with CN/NCP
is clearly cathodically shifted to +0.60 Vgy. In addition, Ti-
Fe,0;/CN and Ti-Fe,0,/CN/NCP show enhanced photocurrents
compared with pristine Ti-Fe,O;. Especially, Ti-Fe,O,/CN/NCP
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has a photocurrent of 2.01 mA cm=2 at +1.23 Vy, which is about
7 times higher than that of Ti-Fe,O; (0.28 mA cm~?). Compar-
ison to other hematite/co-catalyst systems shows the relevance
of this enhancement (Table S1, Supporting Information). Fur-
thermore, to explore the function of CN, nickel-doped cobalt
phosphides were synthesized with the same CoP phase (JCPDS
29-0479), as shown in the XRD pattern in Figure S7a (Sup-
porting Information), and then spin-coated on Ti-Fe,O; pho-
toanode, resulting in Ti-Fe,O;/NCP photoanodes without CN.
The PEC performance of Ti-Fe,0;/NCP is inferior to that of Ti-
Fe,0;/CN/NCP (0.62 mA cm™2 versus 2.01 mA cm™2 at +1.23
Viur) and presents a large dark current, showing that the CN
substrate is very important for the Ti-Fe,O; photoanode assem-
bly to achieve optimal PEC performance (Figure 3a). The NCP
particle sizes grown outside the CN matrix were 163 nm av-
erage (Figure S7b,c, Supporting Information), compared with
10 nm in the CN matrix (Figure S2a,b, Supporting Information).
Thus, we attribute the lower performance of Ti-Fe,O,/NCP in
part to its larger NCP electrocatalyst particle dimensions, which
provide less area for OER compared to 10-nm NCP particles
on CN and must hamper effective charge transfer. Optimiza-
tion studies confirm optimal amounts of Ti doping and CN/NCP
(Figure S8a,c, Supporting Information), and statistical analy-
sis shows good reproducibility and small standard deviation
(Figure S9, Supporting Information). Further attention to the j—
V curves under chopped light in the applied bias range from
+0.6 to +1.1 V. (Figure 3a, inset) shows positive spikes upon
light illumination, suggesting hole accumulation in the space
charge region, allowing the electron-hole separation and extrac-
tion of electrons to the external circuit.*’] This apparent accu-
mulation increases in the order of Ti-Fe,0; < Ti-Fe,0,/CN < Ti-
Fe,0;/NCP < Ti-Fe,0,/CN/NCP (Figure 3a).l*’l. This trend in-
dicates that both CN and NCP show ability to accumulate charge
carriers. Surface charge separation efficiencies were calculated
by dividing the photocurrent densities without and with H,0,
hole scavenger (Figure S10a, Supporting Information).[*#8] Ti-
Fe,0,/CN/NCP shows the highest efficiencies across the wide
bias range, achieving a plateau of 69% beyond +1.35 V.
Bulk charge separation efficiencies were calculated by dividing
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Figure 3. a) (Photo)current-potential curves of Ti-Fe, O3, Ti-Fe,O3/CN, Ti-Fe,O3;/NCP, and Ti-Fe,O;/CN/NCP photoanodes under 1 sun (Xe source,
AM 1.5G filter, 100 mW cm~2) chopped illumination at a scan rate of 10 mV s~'. Inset: zoomed in curves of (a) showing photocurrent onsets from
+0.6 to +1.0 Vgyye. b) IPCE spectra at +1.23 Vg under monochromatic light (Xe source and monochromator) and integrated photocurrents of Ti-
Fe,03, Ti-Fe,O3/CN, Ti-Fe, O3 /NCP, and Ti-Fe,O3/CN/NCP. c) Amount of measured and theoretical oxygen, and the calculated Faradaic efficiency of
Ti-Fe,O3 /CN/NCP at an applied bias of +1.23 V. d) Photocurrent stability test of Ti-Fe,O3 /CN/NCP photoanode at +1.23 Vgye. All these measure-
ments were carried out in 1 M, aqueous NaOH solution. e) Schematic band structure of Ti-Fe,O3; /CN/NCP photoanode before contact. Note: E, ;.4 is
electrode potential established from the interplay of different electrochemical processes at the electrode/electrolyte interphase (e.g., surface oxidations

and reductions and OER).[*°] f) Schematic band structure of Ti-Fe,O3 /CN/NCP photoanode after contact.

photocurrent densities with H,0, hole scavenger by those cal-
culated assuming 100% absorbed photon-to-current conversion
(Figure S10b,c, Supporting Information).[*¥] Ti-Fe,0,/CN/NCP
achieves the highest bulk separation efficiency values at applied
biases.

To identify the origin of the boosted photocurrent on Ti-
Fe,0,/CN/NCP compared with Ti-Fe,O,, different photoan-
odes were prepared with different components. First, we pre-
pared and measured the PEC performance of photoanodes
with CN, CN/NCO, and CN/NCP without Ti-Fe,0,. The j-V
curves in Figure S11a (Supporting Information) indicate that CN,
CN/NCO, and CN/NCP films show no photoresponse, meaning
that the produced photocurrent in Ti-Fe,O,/CN/NCP (Figure 3a)
comes exclusively from photo-induced charges in Ti-Fe, O, rather
than those of the topping layers. In addition, to exclude the in-
fluence of the phosphidization process on CN, the PEC perfor-
mance of phosphidized CN (CNP) on Ti-Fe,O, (Ti-Fe,O,/CNP),
following the same preparation procedure, was also measured
and found to be the same as Ti-Fe,0,/CN (Figure S11b, Sup-
porting Information), so any phosphorus addition to CN has
no apparent influence on photocurrents. To confirm the advan-
tage of phosphiding the NCO (Ni-Co,0,) particles to NCP (Ni-
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CoP) for PEC performance, the j-V curves of Ti-Fe,0,/CN/NCO
were also measured, showing a lower photocurrent of 1.33 mA
cm~2 at +1.23 Vg compared with the 2.01 mA cm™? of Ti-
Fe,0,/CN/NCP (Figure S12, Supporting Information). Alto-
gether, the high PEC photocurrent of Ti-Fe,0;/CN/NCP com-
pared with the other studied photoanodes demonstrates a syn-
ergistic effect achieved by the integration of both CN and NCP
on Ti-Fe,0;.

The incident photon-to-current efficiency (IPCE) spectra of
Ti-Fe,O;, Ti-Fe,0;/CN, Ti-Fe,0;/NCP, and Ti-Fe,0,/CN/NCP
were measured at +1.23 Vpyy; to further understand the PEC
performance of each photoanode (Figure 3b). Ti-Fe,0,/CN/NCP
shows significantly enhanced IPCE values compared with Ti-
Fe,0,, reaching 52.9% at 350 nm, trippling that of Ti-Fe,O,
(16.4%). The IPCE curves of the three photoanodes show the
same trend and onset, indicating that the improved photocur-
rents are not due to extra wavelength absorbed with the addi-
tion of the topping layers, but due to better light utilization in
the same spectrum range. The integration of the IPCE curves
with respect to the solar spectrum was done and shown to
achieve similar photocurrents to those under the simulated sun-
light (Figure 3a,b). To verify that the photocurrents are due to
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solar-driven OER, we measured the oxygen evolution with a flu-
orescence probe with Ti-Fe,0;/CN/NCP, at +1.23 Vpp in 1 m
NaOH for 2 h (Figure 3c). The calculated Faradaic efficiency was
~100% during the first hour and just decreased to 95% in the sec-
ond hour probably due to oxygen reduction in the counter elec-
trode or leakage upon built-up pressure. The Faradaic results in-
dicate that the increased photocurrent comes from OER rather
than any photoanode material oxidation. Moreover, the PEC per-
formance of Ti-Fe,O;/CN/NCP at +1.23 Vg, was shown to be
stable for 72 h, since no obvious decay in photocurrent density
was observed (Figure 3d).

2.3. Energetics

To understand the enhanced PEC performance for water oxida-
tion reaction, the ultraviolet-visible absorptance spectra of the
photoanodes with back illumination (through the glass side) and
front illumination (through the material side) using a diffuse
reflectance sphere (DRS) were explored first. The DRS spectra
under back illumination show that the introduction of CN and
CN/NCP increases the absorptance below 600 nm attributed to
the Ti-Fe,0, band gap (Figure S13a, Supporting Information).
However, under front illumination, the absorptance decreases
with the use of CN and CN/CNP (Figure S13b, Supporting In-
formation). These differences in the two spectra indicate that CN
acts partly as a reflective coating, increasing the chances for light
to be absorbed in the Ti-Fe,0,. The substantial decrease of ab-
sorptance on Ti-Fe,0,/CN compared with Ti-Fe,O,;/CN/CNP in
Figure S13b (Supporting Information) is due to the larger vol-
ume of CN in the former. The same weight was spin-coated
in both cases, but CN is less dense than CN/CNP resulting in
more coverage (and then more reflective effect). Next, we mea-
sured and constructed the energy band diagrams of the materials
using the information obtained via UV-vis spectroscopy, Kelvin
probe, and APS. The CN exhibits strong absorption in the UV
region with an absorption edge at ~400 nm and a calculated
indirect band gap of 2.8 eV using a Tauc plot (Figure S14a,b,
Supporting Information). Ti-Fe, O, exhibits strong absorption in
the visible region with an absorption edge at ~575 nm and a
calculated direct band gap of 2.1 eV (Figure S14c,d, Support-
ing Information). APS was used to investigate the valence band
of CN and Ti-Fe,O;, which were located at —6.2 and —6.0 eV
from vacuum level, respectively (Figure S15a, Supporting In-
formation). The Kelvin probe located the Fermi level of the Ti-
Fe,0; film at ® —4.1eV and that of the CN film at ~ —5.8eV
from vacuum level (Figure S15b, Supporting Information). With
this information, the energy band diagram of the components
of the Ti-Fe,0,/CN/NCP photoanode before contact was con-
structed and illustrated in Figure 3f. The energy diagram shows
that CN has a deeper Fermi level than Ti-Fe,0,, so the equi-
libration of their Fermi levels upon contact will induce strong
downward band bending in the CN interface side and upward
band bending in the Ti-Fe,O, interface side as illustrated in
Figure 3g. The energy diagram of this heterostructure indicates
that they form a type-II heterojunction, which forms a built-
in electric field at the interface that boosts charge separation
and explains in part the observed enhanced photocurrents in
Figure 3a.
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Open circuit potential (OCP) measurements were conducted
under 1 sun irradiation and in dark conditions (Figure S16a,
Supporting Information). The OCPs under 1 sun were +0.67
Viue for Ti-Fe,0;/CN/NCP and +0.71-0.72 Vi, for the rest
of samples, in agreement with the more cathodic onset poten-
tial observed on Ti-Fe,0,/CN/NCP in Figure 3a. Upon switching
off the light, the OCP in the dark equilibrated at ~ +0.8 Vg,
far from the water oxidation potential of +1.23 Vy;, indicating
a more complex electrode/electrolyte interface where different
electrochemical processes interplay (e.g., surface oxidations and
reductions and OER) resulting in a mixed potential (E,,;.;).*!
The differences in OCP between illumination and dark condi-
tions indicate a higher photovoltage in Ti-Fe,O,/CN/NCP, also
in agreement with the more cathodic onset potential. Further-
more, a faster OCP increase upon switching off the light is ob-
served on the samples containing CN. These OCP transients
were used to calculate OCP-derived charge carrier lifetimes (z,,)
following previously published methods (Figure S16b, Support-
ing Information).®>%!l Shorter 7, have been suggested to be
indicative of more efficient charge separation under illumina-
tion. The calculated 7, values were 885 ms in Ti-Fe,O; and a
significantly shorter 301 and 167 ms in Ti-Fe,O;/CN and Ti-
Fe,0,/CN/NCP, respectively. These indicate much more effi-
cient charge separation and rapid transfer kinetics in the Ti-
Fe,0,/CN and Ti-Fe,0,/CN/NCP, attributed to the type-II het-
erojunction between Ti-Fe,0, and CN and further boosted with
the added NCP functionality.

2.4. OER Kinetics

IMPS was carried out to delve deeper into the kinetics of the pho-
toanodes. IMPS involves applying a small modulation to the light
intensity incident on a photoelectrode and measuring the resul-
tant changes in photocurrent as a function of modulation fre-
quency. Since IMPS does not directly measure hole dynamics,
it relies on a theoretical framework to deduce kinetic parame-
ters. Typically, the IMPS plots of hematite photoanodes exhibit
two semicircles, one at high frequency (HF) in the fourth quad-
rant and another at low frequency (LF) in the first quadrant, as
shown in Figures 4a—c and S17 (Supporting Information).52>%] At
low applied bias, such as +0.85 Vy;; (near the flat band potential
of these photoanodes), the left intersections of the LF semicircle
and X-axis of all the photoanodes are near the origin, suggest-
ing that most surface holes recombine (Figure 4a). With the in-
creasing bias, smaller LF semicircles and larger HF semicircles
are observed, indicating reduced recombination of holes and in-
creased hole flux to the surface of photoanodes, respectively.>*]
When the applied bias is high enough to suppress the charge re-
combination, for example, +1.25 Vg, Ti-Fe,O;/CN/NCP does
not show an LF semicircle, indicating almost no surface recom-
bination, something that is not achieved with the other photoan-
odes (Figure 4c). Compared with Ti-Fe,O; and Ti-Fe, 0, /CN, Ti-
Fe,0,/CN/NCP possesses the largest HF semicircle, that is the
largest hole flux, at +1.25 Vg, consistent with previous results
of photocurrents in Figure 3.

The rate constants of charge transfer (k) and surface re-
combination (k,.) on the IMPS plots can be calculated using
a phenomenological model developed by Peter et al.l’**%] The
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Figure 4. a—c) IMPS plots of Ti-Fe, O3, Ti-Fe,O3 /CN, Ti-Fe,O3 /NCP, and Ti-Fe, 03 /CN/NCP photoanodes as a function of applied bias at +0.85, +1.05,
and +1.25 Vgye in T m NaOH solution under 455 nm LED illumination (37.5 mW cm~2) with modulation of 50% in light intensity, over a frequency range

from 10 131 to 0.1 Hz at each potential step. c,d) rate constants (k.. and k) and time constant RC calculated using IMPS plots at various potentials.

calculated k... values at different biases are significantly lower
in CN-containing photoanodes, indicating reduced surface (‘back
electron-hole’) recombination (Figure 4d).>®] We attribute these
lower k.. values to the formed type-II heterojunction with the
addition of CN on Ti-Fe, O, surfaces. Calculated charge-transfer
kinetic constant (k) values show similar results on Ti-Fe, O, and
Ti-Fe,0,/CN, but boosted k, on Ti-Fe, O, /CN/NCP atlow applied
bias values & +0.8 Vi, (Figure 4e), in agreement again with the
improved onset potential for photocurrents and OCP values un-
der light. We attribute these enhanced charge transfer kinetics
to the NCP catalyst presence and activity.*!] Calculated time con-
stants (r) show higher values on photoanodes with loaded CN
and CN/NCP, particularly on Ti-Fe,0,/CN (Figure 4f). The in-
creased 7 values suggest that the loading of CN leads to a longer
lifetime of photogenerated holes, but this effect is reduced with
the addition of NCP due to desirable migration and surface reac-
tion with the catalytically active fine NCP nanoparticles.’”] The
kinetic results are consistent with the schematic energy model
proposed for hole transfer routes in Figure 3g and a type-II het-
erojunction. The CN coating layer not only passivates surface
states on Ti-Fe,0, and forms a type-II heterojunction with Ti-
Fe, O, lowering recombination but also increases the lifetime of
photoinduced holes, while fine NCP particles boost charge trans-
fer to the electrolyte and OER.

TAS measurements directly probe populations and lifetimes
of photoinduced charge carriers in the photoactive layer and
thus give insight into charge carrier dynamics complementary
to the IMPS measurements discussed thus far, which probe
the kinetics of electrons extracted to the external circuit. Bias-
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dependent TAS measurements at 650 nm, previously assigned
to Fe,O; valence band holes,’® were carried out to investi-
gate the impact of CN and NCP on hole dynamics in Ti-Fe,O,
(Figure 5). Under open circuit potential (OCP), the TAS de-
cay kinetics, assigned to electron/hole recombination, are sim-
ilar for all four samples. There is a higher initial hole sig-
nal in Ti-Fe,0,/CN/NCP compared to Ti-Fe,O, alone, suggest-
ing some space charge layer formation in the junction mate-
rial. However, this difference in amplitude, without an associ-
ated change in decay kinetics, is not sufficient to explain the
improvement in PEC performance. It is, for example, signif-
icantly less than that observed previously for Fe,O,/Co-Pi [%°]
or Fe,0,/Co0, 1*! photoanodes.

With increasing anodic bias, the initial hole population in-
creases for all four films, as expected for increased band bending
and in line with TAS studies across a range of metal oxides.!>¢]
Under strong anodic bias (e.g., 1.60 Vi, Figure 5; Figure S18c,
Supporting Information), deposition of CN, NCP, or CN/NCP
on Ti-Fe, O, results in an increase in hole population on the ps-
ms timescale (Figure 5b—d) compared to Ti-Fe,O, alone. This in-
dicates these layers result in suppressed recombination losses,
in agreement with the k.. values calculated from the IMPS
plots, discussed above (Figure 4d). The increase in hole popu-
lation is largest for Ti-Fe,0;/CN, which also demonstrates the
most pronounced bias dependence and has the highest ini-
tial hole signal (Figure 5b). It is striking that, despite having
the highest initial hole signal, the transient hole signal for Ti-
Fe,0,/CN under 1.6 Vg, decays faster than for the other films,
going to ~ zero by 10 ms (faster than the timescale of OER).
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Figure 5. Transient absorption decays of a) Ti-Fe, O3, b) Ti-Fe,O3/CN, c) Ti-Fe,O3 /NCP, and d) Ti-Fe, O3 /CN/NCP films under open circuit potential,
0.8, 1.2, and 1.6 V- Decay traces probed at 650 nm after laser excitation at 355 nm (=200 yj cm~2, 1 Hz).

This rapid hematite hole signal decay suggests the holes are
transferred from the Ti-Fe,O, to the CN; holes in CN exhibit
negligible visible light absorption.[®!] Furthermore, there is only
a small increase in photocurrent performance after the addition
of CN to Ti-Fe,0O, (Figure 3a), suggesting the holes in CN are
not particularly active for OER. This is consistent with previous
studies.[626%]

In contrast to Ti-Fe,O,/CN, the 650 nm hole signal in Ti-
Fe,0,/CN/NCP under 1.60 Vg exhibits an additional, much
slower (100 ms half time) decay phase (Figure 5d; Figure S18c,
Supporting Information). Whilst some contribution to this slow
decay phase from long-lived Ti-Fe,O; holes cannot be ruled out,
the appearance of this slow decay phase with NCP addition sug-
gests it originates from the holes that transfer from the CN to
the NCP. Previous work on a similar co-catalyst material, Co-Pi,
found its holes showed a broad absorption feature from 500-
900 nm.l%l Tt is therefore likely that at later timescales, the
650 nm absorption signal in Ti-Fe,0,/CN/NCP is dominated by
holes in the NCP.

The decay kinetics of Ti-Fe,O,/NCP (Figure 5c) show a very
similar shape and bias dependence to Ti-Fe,O; but larger hole
signals, indicative of improved charge separation. The hole signal
at later timescales is smaller than that for Ti-Fe,0;/CN/NCP, in-
dicative of the key role of CN in mediating hole transfer from the
Ti-Fe, 0, to the NCP. Ti-Fe,0,/CN/NCP exhibits a significantly
higher hole signal at OER timescales compared to all other sam-
ples. Moreover, it presents a clearer two-phase decay at higher
applied biases, indicating an abundance of holes in the system
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during the OER process, in agreement with its photocurrent re-
sponse (Figure 3a) and IMPS response (Figure 4).

TAS measurements were also carried out at 580 nm for Ti-
Fe,0, and Ti-Fe,0,/CN/NCP (Figure 6) to probe a bleach signal
previously observed and assigned to photogenerated electrons.>”]
More specifically, this bleach signal is assigned to electrons
trapped in Fe,O, defect states in the SCL (most likely oxygen
vacancies), that subsequently undergo thermally activated de-
trapping and extraction to the external circuit resulting in pho-
tocurrent generation.®! For both films, this bleach signal in-
creases in magnitude with increasing anodic bias, indicating
more electron trapping. This result correlates well with the in-
creasing magnitude of the positive 650 nm hole signal with in-
creasing anodic bias, and provides further confirmation of in-
creased charge separation, due to bias-induced increased band
bending resulting in higher populations of both electrons and
holes. For Ti-Fe,O;/CN/NCP the negative 580 nm and posi-
tive 650 nm signals are both larger than for Ti-Fe,O, alone.
This shows that the larger hole signals in Ti-Fe,0,/CN/NCP
are correlated with larger electron signals. This is consistent
with improved charge separation compared to Ti-Fe,O; alone,
which significantly improved photocurrent performance for Ti-
Fe,0,/CN/NCP compared to Ti-Fe,O, (Figure 3a) and IMPS
data as discussed previously. This bleach signal only appears un-
der anodic applied biases and is not present at OCP, in agree-
ment with the 650 nm OCP data, and it suggests only mini-
mal space charge layer formation in the Ti-Fe,O;/CN/NCP film
at OCP.
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Figure 6. Transient absorption decays of a) Ti-Fe,O5 and b) Ti-Fe, O3 /CN/NCP films under open circuit potential, 0.80, 1.20 and 1.60 Vg¢. Decay traces

probed at 580 nm after laser excitation at 355 nm (%200 u cm~2, 1 Hz).

2.5. Discussion

Based on the TAS characterization and subsequent analy-
sis, different routes for hole transfer and OER reactions
on Ti-Fe,0;-based photoanodes are proposed as shown in
Figure 7. For pristine Ti-Fe,O; photoanodes, the photogener-
ated holes are transferred to the surface of Ti-Fe,O; driven
by the upward band bending in the space charge region
and the anodic applied bias for the OER reaction to occur
(Figure 7a). With a CN coating on Ti-Fe,0;, the type-II het-
erojunction formed generates a built-in electric field that in-
creases charge separation and hole surface population. While
CN does not have OER catalytic activity, OER can still hap-
pen on the surface of Ti-Fe,O; with slightly boosted pho-
tocurrents (Figure 7b). Coating Ti-Fe,O; with NCP, in the
absence of CN, extends the lifetime of transferred holes
from Ti-Fe,O, to NCP catalyst, permitting further OER re-
action and enhanced photocurrents (Figure 7c). The integra-
tion of CN and CN-supported finer NCP on Ti-Fe,O; com-
bines both CN and NCP benefits and synergistically reaches
enhanced OER and photocurrents. The photogenerated holes
in Ti-Fe,0,/CN/NCP are first transferred from Ti-Fe,O; to
CN via the formed type-II heterojunction, then further trans-
ferred to the fine NCP catalyst for the most enhanced
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OER reaction and highest photocurrent (Figure 7d). Some
degree of direct hole transfer from Ti-Fe,O; to NCP also
occurs.

The characterizations collectively and complementarily indi-
cate that adding NCP electrocatalysts confined in a CN matrix on
Ti-Fe, O, photoanodes significantly boosts (by 7 times) solar OER
photocurrents due to three main different factors that synergis-
tically favor performance. First, CN acts as a reflective layer that
enables enhanced light absorption by the hematite layer when
illuminated through the glass side, as observed by UV-vis spec-
troscopy (Figure S13, Supporting Information). Second, the for-
mation of a type-II heterojunction between Ti-Fe,O; and CN in
the photoanodes helps to separate photoinduced charges and re-
duce surface recombination, thereby boosting photon to current
conversion efficiencies (Figures 3 and 4).17%71 The CN presence
is key to enhancing the charge separation, transfer and shuttling
of photoinduced holes to the NCP catalyst that is more effective
at driving OER than the Fe, O, surface (Figures 5,6). CN/NCP is
very effective at increasing both the hole population and their life-
time to the ms-s range needed for OER as both IMPS and TAS
complementarily show (Figures 5-7). Third, growing the NCP
electrocatalyst in the 2D graphitic CN matrix effectively restricts
the electrocatalyst particle growth and aggregation, keeping their
dimensions ~#10 nm compared with 163 nm if grown outside a
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Figure7. Schematic models for hole transfer routes and OER reactions on a) bare Ti-Fe, O3, b) Ti-Fe, O3 /CN, c) Ti-Fe, O3 /NCP, and d) Ti-Fe, O3 /CN/NCP.

Ti-Fe, 05 is represented in rust color, CN in yellow color, and NCP in grey dots of different sizes. The arrow width is proportional to the magnitude of

the OER photocurrent.
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matrix (Figures S2 and S7, Supporting Information). The smaller
NCP size results in a larger electrocatalyst surface area, that is
more active sites for OER, and probably a more effective contact
with the Ti-Fe,O; in direct charge transfers between both.[68]
Collectively, these factors synergistically improve all the opera-
tional sequential steps of the Ti-Fe,O;-based photoanode, from
the absorption of light to generate charges to their separation,
transfer, and effective utilization to drive PEC OER from aqueous
electrolytes.

3. Conclusion

This study demonstrates an effective strategy to enhance
hematite photoanode performance by incorporating g-C;N,
nanosheets with anchored fine Ni-CoP nanoparticles. The op-
timized Ti-Fe,0,/g-C;N,/Ni-CoP photoanodes exhibit an en-
hanced photocurrent density (2.01 mA cm™ at +1.23 Vgyg),
7 times higher than the same Ti-Fe,O, alone (0.28 mA cm™
at +1.23 Vg,yg). Various spectroscopic techniques have under-
scored the critical role of efficiently interfacing the Ni-CoP co-
catalyst with the hematite layer. The improvement in photocur-
rent with the g-C;N,/Ni-CoP layer is attributed to several syn-
ergistic factors: g-C;N, enhances light absorption under back
illumination by acting as a reflective coating, forms a type-II
heterojunction with Ti-Fe,O; boosting charge separation and
hole transfer, and supports the growth of fine Ni-CoP nanopar-
ticles for more effective catalysis. Additionally, g-C,N, facilitates
the accumulation and transfer of photoinduced holes to the Ni-
CoP catalyst, extending their lifetime for the slow (ms-s) oxy-
gen evolution reaction. These results not only unveil a novel
application of g-C;N, as a multifunctional support for fine co-
catalysts but also present an effective strategy for interfacing
high-performance electrocatalysts with semiconductor photoan-
odes, offering a significant advancement in photoelectrochemical
systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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