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ABSTRACT: Because of inefficient charge utilization caused
by localized 7-electron conjugation and large exciton binding
energy, the photoelectrochemical water-splitting efficiency of
organic polymers is seriously limited. Taking the graphitic
carbon nitride (g-CN) polymer as an example, we report a
novel photoanode based on a vertically aligned g-CN porous
nanorod (PNR) array prepared in situ, using a thermal
polycondensation approach, with anodic aluminum oxide as
the template. The g-CN PNR array exhibits an excellent
photocurrent density of 120.5 A cm™ at 1.23 Vg under one
sun illumination, the highest reported incident photon-to-
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current efficiency of ~15% at 360 nm, and an outstanding oxygen evolution reaction stability in 0.1 M Na,SO, aqueous
solution, which constitutes a benchmark performance among the reported g-CN-based polymer photoanodes without any
sacrificial reagents. When compared with its planar counterpart, the enhanced performance of the PNR array results principally
from its unique structure that enables a high degree of aromatic ring 7-electron conjugation for higher mobility of charge
carriers, provides a direct pathway for the electron transport to the substrate, produces a large portion of hole-accepting defect
sites and space charge region to promote exciton dissociation, and also withstands more strain at the interface to ensure intimate
contact with the substrate. This work opens a new avenue to develop nanostructured organic semiconductors for large-scale

application of solar energy conversion devices.
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he efficient conversion of solar energy into clean

hydrogen fuel by photoelectrolysis of water over
semiconductors is an attractive option to alleviate energy crisis
and to address environmental challenges." Among the large
number of semiconductors,””> organic polymers show
intriguing prospects by virtue of their rich sources, low cost,
light weight, versatility of functionalization, thin-film flexibility,
and ease of processing.”” Graphitic carbon nitride (g-CN,
strictly speaking, polymeric heptazine-based melon) is
particularly attractive because it is constituted by environ-
mentally friendly carbon and nitrogen elements® while having
suitable band edges that straddle water redox potentials. Thus,
g-CN is regarded as a promising material for large-scale
application of photoelectrochemical (PEC) water splitting.
Unfortunately, incomplete polymerization of g-CN prepared
using bulk thermal polycondensation methods may decrease its
bulk conductivity because of the smaller #-conjugated
electronic structure.” Moreover, because of the high exciton
binding energy of an organic polymer resulting from the low
dielectric constant and the presence of significant electron—
lattice interactions and electron correlation effects, g-CN
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requires additional energy input to separate photogenerated
electron—hole pairs when compared with its inorganic
counterpart. 10

In contrast with photocatalysis over g-CN powders,”'"'* the
PEC method, which is favorable for exciton dissociation with
an applied external bias, is still in an early stage due to
difficulties in efficiently preparing a homogeneous film on
appropriate substrates.'”~'® Recently, it has been reported that
ensuring an intimate contact between g-CN and the substrate
by in situ growth techniques for g-CN such as microcontact
printing'* and thermal vapor condensation (TVC)'® leads to a
lower charge-transfer resistance at the g-CN/substrate inter-
face when compared with films obtained by depositing g-CN
powders. TVC methods, which can be used for the deposition
of uniform films on a substrate, have been adopted to fabricate
both monomer-modified CN films'” and surface layer/bulk
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Figure 1. (a) Schematic procedure for fabricating a g-CN PNR array photoanode. (b) Schematic illustration of exciton dissociation and charge-
transfer processes in g-CN PNR under illumination at zero bias (CB: conduction band; E,,: exciton energy level; VB: valence band).

heterogunctions composed of B-doped and intrinsic CN
films."® Such films have shown enhanced PEC performances
owing to more efficient light absorption and higher interfacial
charge separation efficiency. However, in all of the above-
mentioned strategies, planar films of g-CN with a sufficiently
large film thickness to ensure efficient light absorption were
used. However, in a thick planar film, excitons or dissociated
charges have to diffuse across relatively longer distances before
reaching the surface for the redox reaction, which often results
in severe bulk charge recombination. "’

In this context, we report vertically aligned g-CN porous
nanorod (PNR) array structure photoanodes fabricated in situ
via a thermal polycondensation approach using anodic
aluminum oxide (AAO) as a template (Figure 1a). In general,
photoexcitation of g-CN generates excitons (coulombically
bound electron—hole pairs) in the bulk at zero bias (Figure
1b). A large exciton binding energy of g-CN (~300 meV by
theoretical calculation®®) is significantly greater than the
thermal energy (kzT) at room temperature.”’ When the
exciton diffuses to the space charge region (SCR), the
dissociation might occur under the high built-in electric field
within SCR or at the electrode/electrolyte interface. In
addition, the exciton dissociation can occur through inter-
actions with defect sites or under the influence of an applied
macroscopic electric field. Finally, the free holes transfer to the
electrode surface for oxygen evolution reaction (OER), and the
free electrons are collected to the back contact. During these
processes, recombination of excitons and free charge carriers
will also occur. Our PNR array has many advantages with
respect to improving the photoanode performance over a
planar g-CN bulk film: (i) The highly anisotropic 1D geometry
can decouple the full absorption of light along the necessary
long axis from the effective exciton diffusion over short
distances in the orthogonal axis."" Moreover, the g-CN with
high degree of conjugation due to the confinement effect of the
template favors electron transport, and the vertically aligned
1D structure on the substrate provides a direct pathway for the
transport of electrons to the substrate;”* >° both of these
effects lead to a higher conductivity of the g-CN array. (ii) The
porous structure of PNR leads to a larger SCR with respect to
the bulk’® to promote exciton dissociation”’ and charge
separation and increases the surface area to facilitate mass

transfer at the PNR/electrolyte interface.”’ > (iii) The
nanostructure results in a more positive valence band position,
and the increased thermodynamic driving force facilitates
interfacial hole transfer and OER.* (iv) Lastly, the intimate
contact with the substrate resulting from in situ growth
together with favorable electron transfer improves the stability
of the photoanode. The nanorod array can thus withstand
more strain than the planar film structure, especially when
being in contact with a lattice-mismatched substrate.’’ In view
of these features, the g-CN PNR array photoanode shows an
excellent photocurrent density of 120.5 yA cm™ at 1.23 V
versus reversible hydrogen electrode (Vgpyp) under one sun
illumination, the highest incident photon-to-current efficiency
of ~15% at 360 nm, and an outstanding OER stability under
illumination, all of which lead to a benchmark PEC
performance for g-CN-based polymer photoanodes without
sacrificial reagents.

The procedure for fabricating the g-CN PNR array
photoanode is illustrated in Figure la. First, a thin film of
aluminum (Al) was deposited on a fluorine-doped tin oxide
(FTO) substrate covered by a thin TiO, adhesion layer. This
adhesion layer also stabilizes the anodization of the Al thin film
and promotes the dissolution of the insulating alumina (AL,O;)
barrier layer.””** Following Al anodization in the mixed acid
electrolyte a barrier-layer-free AAO template with oriented
cylindrical nanochannels was obtained (Figure Sla-c, Support-
ing Information). Next, the template was immersed in molten
cyanamide and degassed under sonication to fill the nano-
channels of AAO with cyanamide. The template with
cyanamide was then annealed in a tubular furnace under an
Ar atmosphere; finally, the AAO template was removed by
dipping in aqueous NaOH to obtain g-CN PNR arrays with
aspect ratios in the range of 8—10 on the centimeter-sized
FTO substrate (Figure S1d-f, Supporting Information). In a
similar manner, g-CN nanoparticle film (NPF) and bulk-film-
coated photoanodes were fabricated as control samples
(Figures S2 and S3; details in the Experimental Section,
Supporting Information).

The cross-sectional scanning electron microscopy (SEM)
image of PNR (Figure 2a) shows nanorods with an average
diameter of 150 nm aligned vertically to the underlying
substrate, with an intimate contact to the substrate (Figure S1f,
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Figure 2. Morphology and structure characterization of the g-CN PNR photoanode. (a) Cross-sectional SEM image, (b) magnified view of the
cross section, (c) high-resolution TEM image, (d) top-view SEM image, and (e) EDS carbon (red) and nitrogen (orange) elemental mapping
images for g-CN PNR. (f) Schematic diagram of the typical structure of g-CN, comprising condensed heptazine repeat units with amine terminal
groups (dark yellow: N in C=N—C; blue: N in N—Cj; red: N in —NH—; gray circle: heptazine repeat unit of g-CN). XPS spectra of (g) C 1s and

(h) N 1s of g-CN PNR.

Supporting Information). The SEM image of individual rods
(Figure 2b) shows that the nanorods have a large number of
pores with sizes ranging from a few to a hundred nanometers,
which is further confirmed by high-resolution transmission
electron microscopy (TEM, Figure 2c) and top-view SEM
(Figure 2d) images. The formation of the PNR structure is due
to the evaporation of a fraction of the volatile intermediate
products from the AAO template. Energy-dispersive spectros-
copy (EDS) elemental mapping (Figure 2e) confirms the
homogeneous distribution of C and N elements throughout
the PNR.

We further analyzed the chemical structures of all of the g-
CN samples. The framework of g-CN is a defect-rich, N-
bridged poly(heptazine) (Figure 2f). A heptazine repeat unit
(CgNy, gray circle in Figure 2f) consists of N—C=N, C=N-—
C (N in dark-yellow color, Figure 2f) and N—C; (N in blue
color, Figure 2f) structures, contributing to the 7-conjugated
electronic structures of g-CN. For 7-conjugated polymers, the
wave functions of the z-bands are linear combinations of the p,
orbitals from the carbon atoms in each repeat unit, and the
number of sub-7-bands is determined by the number of carbon
atoms in the repeat unit of the polymer.”> The interaction of
these 7 electrons dictates the electronic characteristics of the
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Figure 3. PEC performance for g¢-CN PNR and NPF photoanodes. (a) J—V curves of g-CN PNR and NPF. (b) Height-dependent J—V curves of g-
CN PNR. (c) IPCE of g-CN PNR and NPF as a function of wavelength at 1.23 Vyy;. (d) I—t curves of g-CN PNR and NPF at 1.23 V. All tests

were carried out in 0.1 M Na,SO, solution (pH 5.95).

polymer. In contrast, the —NH— groups (N in red color,
Figure 2f) are located at the edges of g-CN and considered as
the defect sites for exciton dissociation.”***” Because the N
atoms in —NH-— groups have lone-pair electrons, they can
serve as hole-accepting defect sites for enhancing exciton
dissociation at the atomic level, while the dissociated electrons
can participate in the delocalized 7-bands of g-CN,*® providing
better electron mobility and accordingly improved PEC
performance.

X-ray diffraction (XRD) patterns (Figure S4a, Supporting
Information) of PNR and NPF show the characteristic (002)
stacking peak of the conjugated aromatic systems of g-CN.
Fourier transform infrared (FTIR) spectra (Figure S4b,
Supporting Information) of both PNR and NPF display out-
of-plane bending vibrations of heptazine repeat units and
stretching vibrations of aromatic C—N heterocycles, indicating
the formation of the basic C—N heterocycle structure of g-
CN.* X-ray photoelectron spectroscopy (XPS) C 1s and N 1s
spectra of PNR are shown in Figure 2gh, and Figure SS in the
Supporting Information shows the XPS survey spectrum of
PNR. Both N—C=N and C=N-C bonds can be found in g-
CN PNR, implying the presence of the heptazine ring, which is
the basic structural unit in g-CN."* The XPS spectrum for NPF
is very similar to that of PNR (Figure S6, Supporting
Information), and the XPS spectrum of the g-CN bulk film
also shows characteristic features corresponding to g-CN
(Figure S7, Supporting Information). Taken together, it is
confirmed that the chemical composition of our PNR array, as
well as those of NPF and bulk film (Figures S4—S7 and Table
S1, Supporting Information), is g-CN. Furthermore, the
elemental analysis shows a C/N ratio of 1.00 for the g-CN
bulk film, indicating that it is nitrogen-poor structure that has
been attributed to the formation of regions containing
amorphous sp® carbon (see calculation details in Table S2,
Supporting Information)."” However, the C/N ratio of PNR

(0.74) and NPF (0.73) is very closed to the theoretical value
(0.75) of g-C;N,," indicating that more complete polymeric
networks and condensed structures of g-CN can be produced
via the AAO template synthesis. As a result, both nano-
structured g-CN samples (PNR and NPF) have lower
resistance, as displayed by the smaller Nyquist plot diameter
from the electrochemical impedance spectroscopy (EIS)
measurements (Figure S8, Supporting Information), because
they have a higher degree of polymerization for better electron
transport compared with the g-CN bulk film.

Because the —NH— concentration in g-CN is related to
defects and further affects the exciton dissociation, the number
of =NH-— groups is then calculated in all of the g-CN samples
based on the XPS results. The N 1s XPS spectra of all three
samples (Figure 2h; Figures S6b and S7b, Supporting
Information) can be fit into three components: C=N-C,
N-C;, and —NH-—, which corresponds to three types of N
atoms in g-CN shown in Figure 2f. The C=N-C and N—-C;
structures originate from the heptazine repeat units. The
—NH-— groups, which represent hole-accepting defect sites in
g-CN, are calculated to be 11.4 and 12.5 at% for PNR and
NPF, respectively; however, they only occupy 2.7 at% in g-CN
bulk film (see calculation details in Table S2, Supporting
Information). Taken together, the above XPS results verify the
confinement effect of the template in terms of the chemical
structure difference of three g-CN samples. First, the
condensed structures of PNR and NPF with a high degree
of aromatic ring 7-electron conjugation were confirmed by the
C/N ratio, thus enhancing the electron mobility in the system.
Second, more —NH— groups were introduced in PNR and
NPF compared with the g-CN bulk film, indicating that both
of the nanostructured samples have more —NH— defects for
promoting exciton dissociation.

The PEC performances of the samples were evaluated in a
three-electrode electrochemical system under simulated AM
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1.5G sunlight illumination. The electrolyte was aqueous 0.1 M
Na,SO, (pH 5.95) without sacrificial reagents (see details in
the Experiment Section, Supporting Information). The current
density—potential (J—V) curves for both PNR and NPF
photoanodes display that the higher current density is obtained
with increasing the applied bias (Figure 3a). It indicates that
dissociation of excitons to produce the fully dissociated charge
carriers can be driven by the presence of an electric field, which
reduces the Coulomb potential barrier in the downfield
direction and thus enhances the dissociation probability. As
the field strength increases, so does the dissociation probability
of the exciton state.”® The g-CN PNR photoanode with an
optimal nanochannel height of 1600 nm (Figure 3b) affords a
photocurrent density of 120.5 yA cm™ at 1.23 Vpyg, while
30.6 and 20.7 yA cm™* are obtained for NPF (Figure 3a) and
for the bulk film (Figure S9, Supporting Information),
respectively, under the same conditions. Both nanostructured
samples have higher performance than the g-CN bulk film
owing to their larger specific surface area, that is, the larger
portion of SCR to bulk for effective exciton dissociation and
charge-carrier transfer. The height-dependent J—V curves of g-
CN PNR (Figure 3b), in a range from 800 to 2500 nm, also
show that the photocurrent first increases with the increase in
the PNR height owing to the larger PNR/electrolyte interfacial
area but then decreases due to more charge recombination of
the longest rod with overlarge interfacial area.”® Accordingly,
an optimal height of ~1600 nm was obtained in this
experiment, implying that the optimal interfacial area in the
nanostructured g-CN must exist to balance the exciton
dissociation, charge-carrier transfer, and recombination.’® In
contrast, the photoanodes exhibit negligible dark currents in
the potential range from 0.3 to 1.23 Vypyyg, implying that the
observed currents under illumination are related exclusively to
photogenerated charge carriers. To investigate the photo-
response of the g-CN PNR photoanode at different wave-
lengths, the incident photon-to-electron conversion efficiency
(IPCE) measurement was carried out at 1.23 Vyyg. The g-CN
PNR anode has an excellent IPCE value of ~15% at 360 nm
(Figure 3c), while ~2% is observed for the NPF photoanode
under the same conditions. The above results indicate that the
g-CN 1D structure has a much better PEC performance than
the planar film fabricated from both nanoparticle and bulk
films. The PEC stability of all of the samples in 0.1 M Na,SO,,
aqueous solution was tested by applying a constant bias voltage
of 1.23 V. Both PNR and NPF of g-CN remain stable even
after 12 h of continuous OER operation (Figure 3d). The
performance of the bulk film photoanode shows a continuous
decline (Figure S9, Supporting Information), and its stability is
<2 h (Figure S10, Supporting Information), indicating that our
in situ grown nanostructured g-CN photoanodes have a much
higher stability than bulk films.'®"” Besides the polymeric
nature of g-CN with sufficient flexibility of the structure,
lattice-mismatched structures on the nanoscale are likely to
respond elastically to dissimilar expansions under thermal
stress without breaking the structure,>’ which favors the high
stability of nanostructured g-CN. To the best of our
knowledge, our g-CN PNR has a benchmark PEC performance
for the g-CN based polymer photoanodes without any
sacrificial reagents (see the performance comparison in Table
S3, Supporting Information).

Then, we further explore the underlying reasons for the
dramatically improved PEC performance of g-CN PNR
photoanodes compared with NPF. The water-splitting photo-

current density of a photoanode is the product of the photon
absorption rate (i.e., the maximum photocurrent density), the
charge separation efficiency (7,.,), and the charge injection
efficiency (’71;;;)-41 So, the light absorption characteristics were
first investigated. The increasing delocalization length in g-CN
makes the energy levels become closely spaced, which results
in a “band” structure similar to that observed in inorganic
semiconductors, as displayed in the UV—visible absorption
spectra (Figure 4a). The data indicate that PNR has only a
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Figure 4. (a) UV—visible absorption spectra, (b) charge separation
efficiencies, (c) PL spectra at 350 nm excitation, and (d) transient
photocurrent density curves of g-CN PNR and NPF. Schematic
diagrams showing the transport pathway of electrons in (e) NPF and
(f) PNR of g-CN.

slightly higher light absorption intensity than NPF, which
originates from the light-trapping effect of the nanorod
array.** The maximum photocurrent density of g-CN PNR
is 1.89 mA cm™ (Tauc plots, Figure S11, Supporting
Information), which is 1.1 times the magnitude of NPF
(1.64 mA cm™?), indicating that the slightly increased light
absorption of PNR compared with NPF cannot be the main
reason for its excellent PEC performance.

To investigate the behavior of photogenerated charge
carriers, we introduced a hole scavenger with an extremely
high rate of oxidation, into the electrolyte.* The hole scavenger
Na,SO; serves to greatly reduce surface recombination, which
allows us to calculate the efficiencies of charge injection and
separation (7, and #,,) of the photoanodes (Figure S12,
Supporting Information).”"** Both nanostructured g-CN
samples have a high 77;,; value of ~93% at a potential of 1.23
Vige due to their similar specific surface area (data not shown)
for exciton dissociation. The more positive valence band
positions of both nanostructured samples (1.71 V vs Ag/AgCl)
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compared with those of the planar films (1.42 V vs Ag/AgCl)"°
(Figures S13 and S14, Supporting Information) indicate that
our nanostructured photoanodes have a larger thermodynamic
driving force for OER. However, the similar injection
efficiencies of PNR and NPF means that the difference in
the PEC performance between PNR and NPF is not due to the
hole injection efficiency.

Figure 4b shows a plot of the calculated 7,., as a function of
the applied bias voltage for both PNR and NPF photoanodes.
It is seen that PNR has a significantly higher 7, than NPF in
the whole potential range tested; for example, it is over four
times that of NPF at 1.23 Vg, indicating the superior charge-
separation efficiency of the PNR photoanode. The separation
efficiency of the photogenerated charge carriers was also
qualitatively estimated from steady-state photoluminescence
(PL) originating from the radiative recombination of charge
carriers (Figure 4c). Compared with NPF, the lower emission
peak intensity for PNR points to lower radiative recombination
of the photogenerated electrons and holes, thus confirming the
higher charge separation efficiency for PNR. It should be noted
that no spikes are observed in the transient photocurrent
curves for both PNR and NPF (Figure 4d), which further
proves that efficient hole extraction occurs at the g-CN/
electrolyte interface, suppressing surface recombination and
photocorrosion. When compared with NPF, the improved
performance of the PNR photoanode can be primarily
attributed to the greatly enhanced charge separation in the
photoanode. For NPF, the electron transport is characterized
by slow diffusion through interparticle pathways to reach the
charge collector, in a manner similar to a 3D random walk,
across the nanoparticle network (Figure 4e). In this process,
thermally activated hopping of electrons via multiple trapping
and detrapping events can occur at the interparticle
boundaries, which increase the <probability of charge
recombination and back reactions.””** In contrast, the vertical
1D structure of the PNR array with decreased interfacial
boundaries is beneficial to the smooth migration of electrons to
the back contact (Figure 4f), accelerating electron transport
and thus lowering the recombination probability of charge
carriers. Hence, besides the confinement effect of the AAO
template previously mentioned, the 1D nature of PNR also
helps to improve its conductivity. This conclusion is further
validated by the smaller Nyquist plot diameter of PNR in EIS
plots (Figure S8, Supporting Information) compared with that
for NPF.

In conclusion, the novel vertically aligned g-CN PNR array
photoanode has been successfully prepared in situ by thermal
polycondensation using AAO as the template. The PNR array
anode exhibits an excellent photocurrent density of 120.5 A
cm™? at 1.23 Vpyyp under one sun illumination, the highest
IPCE of ~15% at 360 nm, and an outstanding OER stability,
leading to a benchmark PEC performance for g-CN based
polymer photoanodes without any sacrificial reagents. The
macroscopic electric field applied by the PEC method
promotes the exciton dissociation in both bulk and nano-
structured g-CN films. Compared with its planar bulk
counterpart, the nanostructured g-CN enables a high degree
of aromatic ring m-electron conjugation to improve the
mobility of charge carriers and produces a large portion of
hole-accepting defect sites and SCR to promote exciton
dissociation via the template confinement and also improves
the electrode stability by the in situ film growth. Compared
with NPF, the 1D morphology of PNR greatly expedites the

electron transport to the back contact electrode. Further
improvement in PNR performance is expected by bringing
together different strategies such as tuning composition,
forming heterojunctions, or adding electrocatalysts to further
enhance light absorption and charge utilization efficiency. This
work opens a new avenue to develop nanostructured organic
semiconductors for large-scale application of solar energy
conversion devices.
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