
lable at ScienceDirect

Materials Today Nano 18 (2022) 100192
Contents lists avai
Materials Today Nano

journal homepage: https: / /www.evise.com/profile/#/MTNANO/login
Nickel-modified polymeric carbon nitride for improving TiO2-based
photoanode: photoelectrocatalytical evaluation and mechanistical
insights

S.F. Blaskievicz a, H.L.S. Santos a, I.F. Teixeira a, b, J.L. Bott-Neto c, d, P.S. Fern�andez c, d,
L.H. Mascaro a, *

a Department of Chemistry, Federal University of S~ao Carlos, 13565-905, S~ao Carlos, SP, Brazil
b Max-Planck Institute of Colloids and Interfaces, Department of Colloid Chemistry, Research Campus Golm, 14424 Potsdam, Germany
c Chemistry Institute, State University of Campinas, PO Box 6154, 13083-970, Campinas SP, Brazil
d Center for Innovation on New Energies, University of Campinas, 13083-841, Campinas, SP, Brazil
a r t i c l e i n f o

Article history:
Received 18 December 2021
Received in revised form
6 February 2022
Accepted 25 February 2022
Available online 3 March 2022

Keywords:
Methanol oxidation reaction
Photoelectrocatalysis
Polymeric carbon nitrides
In situ FTIR
* Corresponding author.
E-mail address: lmascaro@ufscar.br (L.H. Mascaro)

https://doi.org/10.1016/j.mtnano.2022.100192
2588-8420/© 2022 Elsevier Ltd. All rights reserved.
a b s t r a c t

Here, we report for the first time the synthesis of a TiO2-based photoanode containing nickel-modified
poly (heptazine imide) (NiePHI), a polymeric carbon nitride, as well as its application for the methanol
oxidation reaction (MOR) under solar simulated and UV illumination. The photoanode was obtained
initially as a thin film and the photocurrent response was evaluated in solutions containing Na2SO4 and
methanol. For the MOR under illumination in an acidic medium, an optimal composition of the catalyst
was found depositing 30-layers of TiO2eNiePHI, which yielded a photocurrent of 11 mA cm�2 using UV
radiation. The material also showed excellent stability, with a decay of approximately 5% of the photo-
current after 100 min. The improvement in the performance with NiePHI is likely due to the formation of
a heterojunction between TiO2 and the graphitic carbon nitride, while nickel sites act through a co-
catalysis process possibly driven by in situ generation of nickel active species for MOR like Ni(OH)2|
NiOOH. Finally, mechanistic insights into in situ infrared Fourier transform spectroscopy showed that
TiO2eNiePHI can selectively oxidize methanol to formaldehyde in the dark, while under the irradiation
of UV light, the oxidized products are CO2 and formic acid, a product with high added value.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen is an environmentally friendly energy source that
stands out as an attractive dense energy carrier for the future [1,2].
The methane steam reforming (the conventional method widely
employed for hydrogen generation) produces large amounts of CO2
as a by-product [3]. Photoelectrochemical (PEC) methods on the
other way that can generate high purity H2 by overall water split-
ting, or by organic fuel oxidation, stand out as a more sustainable
and promising approach [4].

Even though the PEC methods present thermodynamic, envi-
ronmental, and social advantages in comparison to pure electro-
chemical for the generation of H2 [5], the performance of these
devices still needs improvement to make this application feasible.
.

An attractive strategy is the introduction of more easily oxidized
species in the medium and consequently decrease the potential for
water splitting.

Small molecules such as methanol act as hole scavengers in PEC
systems [6e8], leading to a photocurrent enhancement even at
lower overpotentials. This process occurs because methanol (as
well other small organic molecules) presents much lower oxidation
potential than the oxidation of water (1.23 V vs. NHE). In this
context, the methanol oxidation reaction (MOR) is a well-studied
process [9e11] that presents many advantages [12], such as high
efficiency and independence of a catalyst designed to cleave CeC
bonds, as observed with other alcohols [13].

The use of TiO2-based photoanodes in photo-assisted MOR
emerged as a cheaper alternative to the use of noble metals, such as
platinum [14,15], and it is highly encouraged, considering the high
yields reported in the literature [14]. However, the high charge
recombination rate hinders the technological applicability of pure
TiO2. [16,17]. This difficulty can be overcome by applying TiO2 in
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heterojunctions and composites, especially combined with a spe-
cies that promotes high charge mobility such as graphene [18],
carbon nanotubes [19], and polymeric carbon nitride.

Poly (heptazine imide) (PHI) is 2D sheets made of sp2-hybrid-
ized carbon and nitrogen atoms that figure among the closest to a
‘truly graphitic’ carbon nitride structure [20]. The PHI is formed by
heptazine units as building blocks and they can be prepared from
relatively low-cost precursors (melamine and dicyandiamide)
[21e23]. Due to the lone pair of electrons of the nitrogen atoms, PHI
shows high electron delocalization, resulting in a unique electronic
structure and a tunable band gap around 2.7 eV [24]. This band gap
contributes to a promising and suitable material for the use of
visible light radiation. Additionally, transition-metal ions, as nickel
can be stabilized in PHI structure as coordination complexes
[25,26], generating active centers formed by single atoms, which
maximize the utilization of the metals (Scheme 1).

Here, we report the PEC behavior of a photoanode obtained with
TiO2 loaded with NiePHI. Initially, the synthesized material was
obtained as a thin film and its thickness was optimized. After
complete characterization and optimization, the photocurrents
increased by two orders of magnitude, from 0.1 mA cm�2, for the
bare TiO2 thin film, to 11 mA cm�2, for the 30-layer TiO2eNiePHI
film. Furthermore, in situ infrared Fourier transform spectroscopy
(FTIR) was employed to develop insights into the reaction pathway
for the photoanode, where the formation of formic acid, a product
of industrial interest is identified.
2. Material and methods

2.1. Synthesis of PHI and NiePHI

The graphitic carbon nitrides in their Na-PHI form (denoted
therefore only as PHI) were prepared by the method reported by
Chen et al. [22], using 1 g of melamine groundwith 10 g of NaCl. In a
porcelain crucible, the reaction mixture was heated, inside an oven
under constant nitrogen flow (5 L min�1), up to 600 �C with a
heating rate of 2.3 �Cmin�1. The temperature was held at 600 �C for
4 h, and after this time, the system was allowed to cool down. The
product was removed from the crucible, washed with deionized
water (1 L), isolated by filtration, and followed by complete
washing with deionized water (1 L) on the filter, and then, with
acetone (250 mL). After that, it was dried overnight in an oven at
60 �C.
Scheme 1. Illustration of the structure of (a) PHI and (b) PHI containing ato

2

The replacement of the sodium by nickel ions was performed by
taking 0.1 g of PHI, which was suspended in 2.0 mL of water by
sonication for 30 min and 1.6 mmol of NiCl2 was added to the
suspension. Then, the NiePHI samples were extensively washed
with deionizedwater (approximately 250mL) and acetone (50mL).
The photocatalysts were separated by centrifugation in a 2 mL
plastic tube (11,000 rpm, for 5 min) and dried overnight in an oven
at 60 �C [25].

2.2. Preparation of photoanodes

The photoanodes were produced in the form of thin films. First,
2.5% (wt. %) of carbon nitride (PHI and NiePHI) was added to a
commercial titania paste (Sigma-Aldrich), in summary, 0.5 g of the
commercial paste mixed with 0.0125 g of the selected carbon
nitride and 3.5 g of ethanol. Then, the prepared paste was spin-
coated onto an fluorine-doped tin oxide (FTO) electrode, drop-
ping 100 mL of the material onto the FTO and stirring at 3000 rpm
for 30 s. After that, the films underwent thermal annealing to
improve the adhesion of the film on the FTO and remove the
organic thickeners from the paste (ethylcellulose and a-terpineol)
for 20 min at 400 �C in air, at a heating rate of 5 �C min�1, starting
from room temperature. The samples were named TiO2ePHI (TiO2
containing PHI) and TiO2eNiePHI (TiO2 containing NiePHI). For
comparison, films formed by only PHI and NiePHI were produced
under the same conditions, using PEG300 (Sigma-Aldrich) as a
dispersing agent. For further studies, the process of TiO2eNiePHI
depositionwas repeated to obtain samples with 8, 15, and 30 layers
deposited.

A glassy carbon electrode was used in the in situ FTIR mea-
surements, which was polished carefully to a mirror finish and
cleaned ultrasonically in deionized water for 5 min. The
TiO2eNiePHI film was obtained following the same deposition
procedure with the paste being spin-coated over the electrode
surface and thermally annealed for 20 min at 400 �C in air.

2.3. Characterization of the samples

The carbon monoxide diffuse reflectance infrared Fourier
transform spectroscopy (CO DRIFTS) FTIR experiments were carried
out with a Spectra Tech high-temperature cell containing a CaF2
window, which was coupled to a Thermo Nicolet spectrophotom-
eter IS50 FTIR with a MercuryeCadmium Tellurium detector. Each
mically dispersed nickel II sites (NiePHI). PHI, poly (heptazine imide).
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sample was placed in the cell and heated up to 350 �C under He
flow, being purged with pure He gas at 350 �C for 10 min, and then
cooled down to room temperature, still under He flow
(20 mL min�1). First, the room temperature background spectrum
was recorded under He flow, followed by the introduction of pure
CO into the cell for 0.5 h at a flow rate of 10 mL min�1 for the
spectrum measurement under constant CO flow. The CHN
elemental analysis was carried out by combustion analysis using a
Vario Micro device. The concentration of nickel was determined
using atomic absorption spectrophotometry (Hitachi-Z8200 spec-
trophotometer). FTIR with attenuated total reflection (ATR) spectra
were recorded on a Varian1000 FTIR spectrophotometer equipped
with an ATR unit made of diamond, applying a resolution of 4 cm�1.
Diffuse reflectance UVevis spectroscopy data were obtained with a
Cary 5E spectrophotometer, with the wavelength operating from
300 to 800 nm. The X-ray diffraction (XRD) measurements were
made in a Shimadzu diffractometer model XRD-6000 in q-2qmode,
from 10 to 80� with a rate of 1 deg min�1 and an electrode voltage
of 30 kV. The morphology and thickness of the obtained films were
analyzed in a high-resolution field emission scanning electron
microscope (Zeiss Supra at 2 kV). Transmission electronmicroscopy
(TEM) analyses were conducted in a JEOL JEM 2100F. The photo-
anode film was immersed in a beaker containing isopropyl alcohol
and submitted to an ultrasonic bath for 10 min. The resulting sus-
pensionwas dropped in a holy-carbon grid for the TEM analysis. For
the X-ray photoelectron spectroscopy (XPS) measurements, a Sci-
enta Omicron spectrometer, model ESCA 2SR, was employed with
an Mg K-a monochromator to provide the incident photon energy,
calibrated using the C 1s peak (284.8 eV). Raman spectra were
performedwith a micro-Raman Horiba Jobin Yvon (HR 550) system
with a 514.5 nm wavelength incident argon laser light, coupled
with an optical microscope (Olympus BX41). Mott-Schottky anal-
ysis was performed by measuring impedance spectra of the sam-
ples in a potential range from 0.75 to �1.50 V RHE, �0.02 V
potential step, 7 mV potential amplitude, and frequencies from
10 kHz to 0.1 Hz. The measurements were performed in a standard
three-compartment electrochemical cell using a Pt plate and silver/
silver chloride (Ag/AgCl) in saturated KCl as the counter and
reference electrodes, respectively, using 0.5 mol L�1 H2SO4 as the
electrolyte. The systemwas previously purged andmaintainedwith
constant nitrogen gas flow during the measurement. The same
electrochemical system was also employed for illuminated open
circuit potential measurements, where chronopotentiometry was
recorded using a solar simulator (LCS-100 e Newport), with irra-
diances of 0, 100, 200, 400, and 500 mW cm�2.
Table 1
Composition of PHI and NiePHI samples (CHN elemental analysis) and metal
quantification.

Sample C (wt. %) N (wt. %) H (wt. %) C/N C/H Metal loading (wt. %)

PHI 25.95 40.09 2.11 0.62 12.31 11.3 (Na)
NiePHI 22.54 35.70 2.99 0.63 7.54 7.74 (Ni)
2.4. PEC studies

The performance of the photoanodes was evaluated for both the
OER and MOR. A three-electrode cell was used for the PEC mea-
surements. A Pt plate was used as the counter electrode and silver/
silver chloride (Ag/AgCl) in saturated KCl (E�Ag/AgCl ¼ þ0.197 V vs.
NHE e normal hydrogen electrode) was employed as the reference
electrode. Linear sweep voltammograms were measured at
10 mV s�1, with light chopped at the front side of the electrode
using a solar simulator (LCS-100 - Newport, with an irradiance of
100 mW cm�2) and a light-emitting diode (LED) UV LED M365LP1
e Thorlabs, with l ¼ 365 nm and an irradiance of 90 mW cm�2) as
light sources. For the OER reaction, Na2SO4 0.5 mol L�1 (pH 6) was
used as the supporting electrolyte. For methanol oxidation, the
experiments were conducted in 10% (2.4 mol L�1) [27], and 57%
(13.8 mol L�1) methanol (purchased from Dynamica) in
0.5 mol L�1 H2SO4 (purchased from Qhemis). For conversion from
measured potential vs. Ag/AgCl electrode (EAg/AgCl) to reversible
3

hydrogen electrode (RHE) potential (ERHE) was employed the
Nernst equation:

ERHE ¼ EAg=AgCl þ E
�
Ag=AgCl þ ð0;059�pHÞ (1)

2.5. In situ FTIR

All FTIR spectra were recorded using a Shimadzu IRPrestige-21
spectrophotometer equipped with an MCT detector. The in situ
FTIR experiments were carried out in a three-electrode spec-
troelectrochemical cell. A platinum foil and a RHE were used as the
counter and reference electrodes, respectively. A modified glassy
carbon disc was used as theworking electrode (see section 4.2). The
cell was equipped with a CaF2 windowandwas placed on the top of
a specular reflectance accessory. In situ spectra were collected
during chronoamperometry measurements from �0.3 to 1.1 V in a
0.5 mol L�1 H2SO4 solution þ57% methanol, with and without light
at the front side of the electrode. The light source was a UV LED
with l ¼ 365 nm (M365LP1 e Thorlabs). The spectra of possible
oxidation patterns of methanol (formic acid, methanol, and form-
aldehyde) were also recorded using a multiple-reflection ATR
accessory (Pike technologies). All spectra were recorded with an
average of 256 interferograms with 4 cm�1 resolution.

3. Results and discussion

3.1. Characterization of the samples

A valuable tool to characterize the atomically dispersed nickel is
the DRIFTS with CO as a probe molecule (Fig. S1, Supporting In-
formation - SI) [28]. CO adsorbs typically on Ni species with two
modes: linear adsorption on a single site above 2000 cm�1, or multi
coordinate adsorption (bridge), below 2000 cm�1 [29]. The peaks in
2040 and 2179 cm�1 are related to linearly adsorbed CO, indicative
of atomically dispersed nickel sites incorporated in the PHI struc-
ture. A fact that strongly corroborates this evidence is the absence
of signals in the region of 1900e2000 cm�1, which corresponds to
CO bridge and is typical of multiple metals atoms, such as nano-
particles or clusters [25,30e33].

After CO DRIFTS indicates that nickel is incorporated in the form
of single atoms in the PHI structure, the amount loaded was
quantified using atomic absorption spectroscopy and CHN
elemental analysis (Table 1). As expected, in addition to a simple
method, the ion exchange treatment proved to be non-destructive
and the C/N ratio is almost constant between PHI and NiePHI. The
quantity of nickel loaded is less than the initial sodium content,
which can be explained by the fact that a portion of the sodium
present is from sodium chloride remaining from the synthesis and
impregnated in the PHI structure. Furthermore, during the cation
exchange process, some protons can switch places with sodium,
decreasing the C/H ratio shown by NiePHI.

In situ infrared Fourier transform spectroscopy with attenuated
total reflection spectra of PHI and NiePHI (Fig. S2, in SI) exhibit
typical absorption bands of the PHI structure, as reported in pre-
vious studies [22,34,35]. The vibrations of the heptazine rings can
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be found at 800 cm�1 and 1100-1500 cm�1, which presented blue-
shifts from PHI to NiePHI, being strong evidence for the nickel
coordination in the heptazine ring. An increase in surface hydroxyl
groups when Ni atoms are coordinated can also be observed, as
revealed by the broad band in 2400e3650 cm�1. The presence of
water molecules in the coordination sphere of the atomically
dispersed metal is very probable. It is clear in Fig. S2 that primary
and secondary amines are present in low quantities since no
characteristic signal of NH asymmetrical and symmetrical
stretching modes can be found at 3000-3500 cm�1. Moreover, less
intense bands are observed at 1650 cm�1 and 1577 cm�1, which are
related to NH bending vibrations [22,36]. This is strong evidence of
a low degree of defects and long-range 2D texture of the samples.
The coordination of nickel atoms leads to an increase of the vi-
brations in the region of 1500e1750 cm�1 (Fig. S2) and the for-
mation of cyano-groups, assigned to the bands at 2150 cm�1 and
2185 cm�1. The presence of metal atoms in the PHI structure shifts
the absorption bands of CN stretching to lower wavenumbers,
especially in the region of 1050e1275 cm�1 (Fig. S2), which evi-
dences the coordination of the metal to the structure and a possible
influence on the charge balance of the PHI [25].

For details on the chemical environment of the elements in the
TiO2eNiePHI film, XPS measurements were performed (Fig. 1). The
typical XPS survey spectrum is presented in Fig. 1a and exhibits
strong peaks of Ti, C, O, as well as weak peaks of Ni and N. The less
evident XPS peaks of Ni and N is because of the low amount of
NiePHI in the deposition paste (2.5% wt.). The presence of Sn at the
XPS survey spectrum is related to the substrate of FTO. The high-
resolution Ti 2p spectrum is shown in Fig. 1b and exhibits two
well-defined peaks at 458.7 and 464.5 eV that can be assigned to
Ti4þ 2p3/2 and Ti4þ 2p1/2, respectively [37]. These peaks confirm that
Ti is present only as TiO2 on TiO2eNiePHI film. The high-resolution
C 1s spectrum is presented in Fig. 1c and reveals three peaks
assigned to CeC/C]C (284.8 eV), CeO (285.9 eV), and N]CeN
(288.5 eV). The CeO peak can be related to adsorbed CO2 mole-
cules or oxygen-contain intermediaries formed during the heat
treatment process [38,39]. On the other hand, the presence of sp2-
hybridized carbon NeC]N indicates that the heptazine rings of the
carbon nitride structure are still present [40e42]. The high-
resolution C 1s spectrum for as-prepared NiePHI powder
(Figs. S3b and SI) also exhibits peaks assigned to CeC/C]C, CeO, and
N]CeN but with a larger N]CeN peak. The high-resolution N 1s
spectrum (Fig. 1d) was deconvoluted into sp2-hybridized nitrogen
CeN]C (398.6 eV), ternary N�(C)3 (399.9 eV), and pyrrolic nitrogen
CeNeH (401.4 eV) [37,43]. These three types of chemical bonds are
involved in the triazine rings and strongly indicate the permanence
of the graphitic carbon nitride structure even after heat treatment.
A similar high-resolution N 1s spectrum is seen for the NiePHI
powder as-prepared (Figs. S3c and SI), reinforcing the assertion of
the permanence of graphitic carbon nitride structures in the
TiO2ePHI (Ni) film. As shown in Fig. 1e, the high-resolution Ni 2p
spectrum shows two main peaks at 855.8 and 873.1 eV assigned to
Ni2þ 2p3/2 and 2p1/2, respectively. The binding energies and the
form of the Ni 2p spectrum are remarkably similar to those
observed for Ni(OH)2 indicating that the Ni2þ species may be co-
ordinated to hydroxyl groups, the large satellite peaks reinforce this
assertion [44]. On the other hand, the high-resolution Ni 2p spec-
trum of NiePHI powder (Figs. S3d and SI) presents bending energy
similar to the Ni2þ (II) phthalocyanine (856.1 and 874.2 eV) and
indicates that Ni2þ sites may be stabilized coordinates in PHI
structure [45,46].

The diffuse reflectance UVevis spectra obtained after the ther-
mal treatment (Fig. 2a) exhibits characteristic transitions for the
base samples (TiO2, PHI and, NiePHI). Pristine TiO2 presents an
absorption starting at 380 nm that resembles a semiconductor
4

band gap onset. In agreement with the linear extrapolating of the
Tauc plot curves (Fig. S4), the unmodified TiO2 film shows an
allowed direct band gap of 3.25 eV. For PHI and NiePHI, an ab-
sorption arises at ~430 nm, which is assigned to n-p* transitions
involving lone electron pairs on the edge N atoms from the hep-
tazine rings, corresponding to a band gap of 2.75 for both PHI and
NiePHI, respectively [25,47]. For the modified samples, the
TiO2ePHI and TiO2eNiePHI samples showed a small red shift in the
band gap transitions (for 3.22 and 3.20 eV, respectively) when
compared to unmodified TiO2, implying the formation of tight,
chemically bonded interfaces between the TiO2 and PHI structures
[48].

In the XRD data (Fig. 2b), the peak at 8.28� observed for PHI and
NiePHI is due to the (100) reflection of the hexagonal arrangement
of the structure derived from the heptazine units [22]. Similarly, the
peak around 14.3� corresponds to the (110) diffraction plane, which
agrees with the formation of polymerized heptazine structures
within the layers [22,49,50]. Both samples show a broad peak be-
tween 25 and 28� corresponding to the (002) plane of the graphitic
layered PHI; this peak can be deconvoluted into four different peaks
for PHI, corresponding to interlayer spaces of d ¼ 3.48 Å, 3.39 Å,
3.32 Å, and 3.23 Å [22]. In contrast to PHI, for NiePHI, there is a
significant change in the pattern of this peak, with a more intense
peak around 28�. This change may be attributed to a lattice spacing
between the layers of PHI and their charge balance after the ex-
change of Na þ cations by Ni2þ [25].

XRD data for TiO2eNiePHI and TiO2 (Fig. 2c) showed high
crystallinity and well-defined peaks, which can be indexed to the
anatase tetragonal structure of TiO2 according to the JCPDS card
21e1272. The small amount of NiePHI yields a small displacement
of ~0.2� that may be related to the incorporation of the carbon
nitride into the TiO2 matrix.

As shown in the surface micrographs of the TiO2eNiePHI
sample (Fig. 3 (a)), the deposit is formed by granular nanoparticles
homogeneously distributed over the surface of the FTO, similarly to
other reported TiO2-nanoparticle films [51]. Fig. 3 b and c show the
sample with 1 and 30 layers deposited, respectively. The thickness
of 1-layer was difficult to determine precisely, leading to an
approximated value of 95 nm, while for the 30-layer film the
thickness was 4.35 mm. As the film thickness increase with the
number of layers, there is a clear change in the opacity (Fig. S5), due
to this, the light-harvesting and, consequently, the PEC perfor-
mance is affected, as will be further discussed in section 3.2. From
TEM images (Fig. 3 d and e), it is possible to observe how the
insertion of NiePHI affected the TiO2 crystallinity. While pristine
TiO2 (Fig. 3 d) presents well-defined particle edges, the edges of
TiO2eNiePHI particles (Fig. 3 e) weremore amorphous. Further, the
ImageJ® software allowed the calculus of interplanar distance (d
spacing) of the samples, which increase from 0.367 nm for TiO2, in
agreement with literature values for anatase (101) [52,53], to
0.389 nm for TiO2eNiePHI, befitting with the incorporation of
NiePHI as observed in the XRD displacement.

3.2. PEC performance

To assess the activity of the photoanodes concerning the OER,
linear sweep voltammetry measurements (Fig. 4a) were carried
out. The samples PHI, NiePHI, and TiO2 films showed a low activity
for OER, with almost negligible photocurrent density even at high
overpotentials. The poor activity of TiO2 and carbon nitride is in
agreement with reports in the literature for these materials [54,55].
On the other hand, although the TiO2ePHI film had a low photo-
current (8.8 mA cm�2 at 1.23 V vs. RHE), the value was much higher
than that obtained from the PHI film at the same potential
(0.3 mA cm�2), indicating a synergistic interaction between TiO2 and



Fig. 1. a) XPS full-spectrum and high-resolution spectra of (b) Titanium 2p, (c) Carbon 1s, (d) Nitrogen 1s, and (e) Nickel 2p of the TiO2eNiePHI film. XPS, X-ray photoelectron
spectroscopy.

Fig. 2. a) DR UVevis spectra of PHI, NiePHI, TiO2, TiO2ePHI, and TiO2eNiePHI. (b) XRD spectra for PHI and NiePHI, showing the deconvolution of peak (002). (c) XRD spectra of
TiO2, TiO2eNiePHI, and the JCPDS data for anatase TiO2. DR UVevis, diffuse reflectance UVevis; PHI, poly (heptazine imide); XRD, X-ray diffraction.
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Fig. 3. SEM images of the (a) surface of the 1-layer TiO2eNiePHI film and cross-sections of the (b) 1-layer and (c) 30-layer TiO2eNiePHI films. The images were colored to highlight
the regions containing the film. TEM images of (d) TiO2 and (e) TiO2eNiePHI. PHI, poly (heptazine imide); SEM, scanning electron microscope; TEM, transmission electron
microscopy.

Fig. 4. LSVs curves under chopped light in N2 saturated atmosphere of (a) 1-layer films of PHI, NiePHI, TiO2, TiO2ePHI, and TiO2eNiePHI in Na2SO4 0.5 mol L�1 electrolyte (pH 6),
and of (b) one-layer TiO2eNiePHI films in 10% (V/V) methanol in Na2SO4 0.5 mol L�1 solution, under UV irradiation (365 nm, 90 mW cm�2). LSV, linear sweep voltammetry; PHI,
poly (heptazine imide).
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the carbon nitride structure. The conduction band and valence
band position values were determined with illuminated open cir-
cuit potential andMott-Schottky (Fig. S6 in SI), the energies for TiO2
(�0.06 and 3.19 V vs. RHE), PHI (�0.24 and 2.51 V vs. RHE), and
NiePHI (�0.94 and 1.81 V vs. RHE) indicate the formation of a type
II heterojunction favored. The noteworthy difference between the
bands of PHI and NiePHI is due to the Ni2þ ion coordination, which
leads to much stronger delocalized lead to strong delocalization of
HOMO/LUMO orbitals from heptazinic rings [56]. The formed
6

heterojunction ensures better charge separation, reducing the
recombination of the electron-hole pair, thus, providing a signifi-
cant increase in the PEC activity. Another point that can explain the
better photoresponse of the modified samples in comparison to
pristine TiO2 is the interference in crystallinity, caused by the
insertion of nitrides, as seen in the TEM images. Less organized and
amorphous portions in the TiO2 structures can contain substantial
electronic defects, favor hole conduction, then enhance the pho-
toanode performance. Furthermore, the best PEC activity was
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achieved for the TiO2eNiePHI film, which presented a photocur-
rent of 70.3 mA cm�2 at 1.23 V vs. RHE. Hence, the photocurrent is
eight times higher for TiO2eNiePHI than TiO2ePHI, which may be
attributed to the presence of nickel species (such as NiOOH and
Ni(OH)2) that act as cocatalysts for this reaction [57,58].

Interestingly, the TiO2eNiePHI film with 1-layer showed pho-
toactivity when it was used in the MOR, as shown in Fig. 4b. The
high photocurrent obtained when using methanol (417 mA cm�2 at
1.23 V vs. RHE) is due to the fast capture of the photogenerated
holes by methanol that dramatically accelerates the charge transfer
at the semiconductor/electrolyte interface and, consequently, re-
duces the recombination of the electron-hole pair [43].

In the present study, we evaluated the photoanodes properties
in different experimental conditions for MOR, using different light
sources (UV and solar simulated radiations) and different concen-
trations of methanol (10 and 57% V/V). Fig. 5 shows the results
obtained using solar simulated radiation. The photocurrent incre-
ment (Fig. 5a) followed the same order observed for OER:
TiO2 < TiO2ePHI < TiO2eNiePHI, being the values 99.4, 138.4, and
178.5 mA cm�2 at 0.2 V vs. RHE, respectively, due to the above-
mentioned roles of the heterojunction, electronics defects, and
nickel cocatalyst in the process. Due to the better results found for
the TiO2eNiePHI sample, the film thickness as a function of
deposited layers was conducted, and for 8 and 15 layers, the current
increased almost linearly (1.24 and 2.35 mA cm�2 at 0.2 V vs. RHE),
but for the 30-layers film, despite the increase observed in the
photocurrent at the same potential (3.16 mA cm�2), this value was
no longer proportional to the thickness, indicating that evaluating a
greater number of layers would not be feasible.

The better MOR PEC activity observed for films with greater
numbers of layers can be related to the material's absorptivity. The
1-layer TiO2eNiePHI film was almost translucent and, therefore, a
large portion of the incident light was transmitted. In contrast, the
30-layer TiO2eNiePHI film had a high opacity (Fig. S5), indicating
that a larger portion of the incident light was absorbed. This was
confirmed by the graphs of transmittance vs. wavelength shown in
Fig. S7 (SI), which show the smallest transmittance for the 30-layer
film.

Fig. 5b shows the photocurrent transient recorded at 0.2 V vs.
RHE under pulsed illumination for the 30-layer TiO2eNiePHI film.
No current spikes were observed when turning on the lighting; this
Fig. 5. a) Linear sweep voltammetry (LSV) under chopped light of films of PHI, NiePHI, TiO
layer TiO2eNiePHI film at 0.2 V vs. RHE. All measurements were performed in N2 atmospher
of 100 mW cm�2). PHI, poly (heptazine imide); RHE, reversible hydrogen electrode.
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was verified in the four light-dark transients. In general, this
behavior indicates a low rate of recombination of charge carriers,
suggesting that a large part of the photogenerated holes in the
TiO2eNiePHI film are used in the MOR. Another point to highlight
is the excellent stability of this film, with only 5% of photocurrent
decay after 100 min of measurement.

As in the solar simulator, the UV represents a very small portion
of the incident radiation (less than 5%), and due to the wide TiO2
bandgap, the same conditions (methanol 10% V/V) were studied
using a UV LED (365 nm) as a light source. The photocurrent
observed for the 30-layers film of TiO2NiePHI (Fig. S8) increased to
5.5 mA cm�2 at 0.2 V, an increment of almost 75% in comparison
with the results under the solar simulator.

Aiming for an even better performance from the photoanodes,
we perform further photocurrent measurements with UV irradia-
tion, but with increasing methanol concentrations until reaching a
stationary photocurrent density. As can be observed in Fig. 6a, the
PHI and NiePHI films presented negligible photocurrent responses.
On the other hand, the TiO2 film achieved a 109 mA cm�2 photo-
current at 0.2 V vs. RHE, while TiO2ePHI and TiO2eNiePHI reached
185 and 441 mA cm�2, respectively, at the same potential.

In the same way that the studies performed under solar simu-
lator, the influence of the thickness of the film on the activity for
MOR was evaluated (Fig. 6b). A linear increase in the photocurrent
with the number of TiO2eNiePHI layers was observed up to 15
layers. For the 30-layer film, despite the improved activity, the
linearity was not guaranteed, showing a photocurrent of
11 mA cm�2 (at 0.2 V vs RHE), which is among the largest photo-
currents obtained for the MOR using other photoelectrocatalysts
reported in the literature (Table 2). A point to highlight is the
behavior of TiO2eNi-PHI in comparison to benchmark electro-
catalysts such as carbon-supported platinum, or bimetallic
platinum-ruthenium systems, as long the Pt-based catalysts pre-
sents a very low activity for alcohol oxidation in 0.2 V vs. RHE
[59e61]. The 30-layer TiO2eNi-PHI filmwas able to reach the same
magnitude of current (mA cm�2) as those electrocatalysts but
without using noble metals.

Aiming for a better understanding of the TiO2eNiePHI PEC
behavior for the MOR, cyclic voltammetry (CV) was measured for
the 15-layer sample both under light and in the dark (Fig. 6c). Both
CVs showed peaks of oxidation and reduction between �0.2
2, TiO2ePHI, and TiO2eNiePHI (multiple layers). b) Photocurrent transient for the 30-
e, 10% (V/V) methanol in 0.5 mol L�1 H2SO4 electrolyte, under solar simulator (irradiance



Fig. 6. a) Linear sweep voltammetry (LSV) under chopped light of 1-layer films of PHI, NiePHI, TiO2, TiO2ePHI, and TiO2eNiePHI. (b) LSVs under chopped light of TiO2eNiePHI
films with different numbers of layers. (c) Cyclic voltammetry (CV) for the 15-layer TiO2eNiePHI film under illumination and dark and (d) photocurrent transient for the 30-layer
TiO2eNiePHI film at 0.2 V vs. RHE. All measurements were performed in 57% (V/V) methanol in 0.5 mol L�1 H2SO4 electrolyte under 365 nm LED illumination (irradiance of
90 mW cm�2). PHI, poly (heptazine imide); RHE, reversible hydrogen electrode.

Table 2
MOR photo-electrocatalysts were recently reported in the literature.

Material j (mA cm�2) Conditions Light source Reference

a-Fe2O3 1.3 (1.0 V vs. RHE) 95% CH3OH in 0.1 mol L�1 NaOH 365 nm LED 100 mW cm�2 [8]
CQDs-Pt@Bi2WO6 0.07 (1.07 V vs. RHE) 0.5 mol L�1 CH3OH þ 1 mol L�1 KOH Solar simulator [65]
PteNi/TiO2NTs 13.2 (1.19 V vs. RHE) 0.5 mol L�1 CH3OH þ 1 mol L�1 NaOH 500 W Xe lamp [66]
Pd NPs/TiO2 1.96 (0.88 V vs. RHE) 0.1 mol L�1 CH3OH þ 0.1 mol L�1 HClO4 UV light 150 mW cm�2 [67]
ZnO/a-Fe2O3/Au 0.51 (1.46 V vs. RHE) 95% CH3OH in 0.1 mol L�1 NaOH Xe lamp [68]
Pt10eAu1/CN 1.28 (0.82 V vs. RHE) 1 mol L�1 CH3OH þ 1 mol L�1 KOH Visible Light [69]
TiO2eNiePHI 11.0 (0.20 V vs. RHE) 57% V/V CH3OH in 0.5 mol L¡1 H2SO4 365 nm LED 90 mW cm¡2 This work

CQDs ¼ Carbon Quantum Dots; NTs ¼ Nanotubes; NPs ¼ Nanoparticles; CN ¼ Carbon nitrides.
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and �0.4 V. Such processes are associated with the oxidation/
reduction of the Ni(OH)2/NiOOH redox couple [62]. In the CV ob-
tained under illumination, no photocurrent hysteresis was
observed, indicating that there was no deactivation of the photo-
electrocatalyst, e.g. the chemical adsorption of MOR intermediates,
such as CO, which is common in Pt-based materials [57,63,64]. The
absence of hysteresis in the CV indicates a pathway free of CO
poisoning to the MOR mechanism. These features will be discussed
ahead based on FTIR in situ measurements (Section 3.3). Further-
more, there is almost no Faradaic current in the CV obtained in the
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dark, indicating that the MOR occurs mostly under light for
TiO2eNiePHI. Lastly, the photocurrent transient was recorded at
0.2 V vs. RHE under pulsed illumination for the 30-layer
TiO2eNiePHI film (Fig. 6d) and followed the same behavior
observed in Fig. 5 b). No current spikes when turning on the light
(low rate of charge recombination) and small decay after 100min of
measurement (about 5%).

We reinforce that TiO2eNiePHI sample showed the best
photocurrent density among the studied materials. The 30-layers
sample presented photocurrent values among the highest found
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recently in the literature for MOR, shown in Table 2. These high
photocurrent value in low overpotential (0.2 V vs. RHE) is very
important fact when thinking about the practical application of the
photoanode. In short, low overpotentials mean lower costs for the
construction of efficient devices.

Several effects can explain this observation: the TiO2 acts as a
light absorber, then, the photogenerated holes migrate continually
in the PHI structure, oxidizing Ni(OH)2 in the PEC MOR, resulting in
NiOOH. Other authors successfully used this species as a catalyst for
the electrochemical oxidation of methanol [70,71]. Since NiOOH is
an unstable species, it readily oxidizes methanol and later meth-
anol intermediates, regenerating Ni(OH)2. In this context, the high
activity of TiO2eNiePHI, compared to TiO2ePHI and unmodified
TiO2 films, was caused by a combination of the TiO2/PHI hetero-
junction, that leads to greater charge separation, and the catalysis
of the MOR by the NiOOH species, which facilitates charge transfer.
3.3. FTIR in situ measurements

To understand the effect of the light in terms of the in-
termediates and/or products formed during the MOR, in situ FTIR
measurements were performed in darkness and under illumina-
tion. Fig. 7a shows the results obtained in the dark for TiO2eNiePHI
using D2O as the solvent, where features appeared from �0.2 V vs.
RHE in agreement with the electrochemical results. The band at
1200 cm�1 is assigned to the presence of SO4

�2, which arises during
all potential scans due to the increase in the positive charge of the
working electrode, forcing the migration of anions toward the
electrode surface. The band centered at 1460 cm�1 is assigned to
the formation of formaldehyde (for details about the assignment of
bands, see Fig. S9 in SI), which means that methanol is being
Fig. 7. FTIR spectra obtained at different potentials for TIO2-Ni-PHI in D2O (a) in the dark, (b)
FTIR, infrared Fourier transform; PHI, poly (heptazine imide).
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partially oxidized, even in the absence of light, once the CO2 is not
observed. For the results obtained under UV light with
TiO2eNiePHI keeping D2O as solvent (Fig. 7b), it is also possible to
observe the bands corresponding to SO4

�2 and formaldehyde.
However, the light induces the development of a band at 1710 cm�1

and 0.1 V vs. RHE, corresponding to the formation of formic acid.
Besides, at 0.3 V vs. RHE, it is observed a band at 2342 cm�1, which
is related to CO2 [10].

In Fig. 7c, the spectra were obtained for TiO2eNiePHI using H2O
as the solvent. This procedure yields complementary data, once the
D2O negatively affects the sensitivity of the method in the region of
2100e2750 cm�1, not allowing the observation of CO2 production,
while water severely influences the region between 1400 and
1800 cm�1, affecting the tracking of the production of formalde-
hyde and formic acid [72]. In the presence of UV light andwater, the
formation of CO2 is evident beginning at 0.2 V vs. RHE. Concomi-
tantly to the CO2 formation, a consumption band at 2050 cm�1 is
observed due to the decrease in the quantity of linearly bonded CO.
[10,73]. Considering that the material does not present a strong
interaction with CO, as shown by the CO DRIFT analysis, there is no
observation of surface poisoning and the linearly adsorbed CO (COL)
can easily be converted into CO2. Under UV irradiation, more
oxidized products are observed such as formic acid (with the
transference of 4 e�) and CO2 (complete MOR oxidation, trans-
ference of 6e�), while in the dark, only formaldehyde (with the
transference of 2e�) is observed. These different pathways are
intrinsically related to the formation of holes/electrons in the
semiconductors, and the observed current densities for the photo-
electro-oxidation, corroborated by the presented data.

The in situ measurements were also conducted for the TiO2 and
TiO2ePHI samples (Fig. S8), fromwhich it is possible to observe the
under light and (c) in H2O under light, in 0.5 mol L�1 H2SO4 solution, 57% V/V methanol.



Scheme 2. Schematic illustration of the photoelectrochemical MOR using the TiO2eNiePHI catalyst and reaction pathways proposed by in situ FTIR analyses. FTIR, infrared Fourier
transform; MOR, methanol oxidation reaction.
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same signals as for TiO2eNiePHI; this indicates that the MOR fol-
lows the same MOR pathway in the three samples. The TiO2 and
TiO2ePHI samples directly use the photogenerated holes leading to
the same products, however, with lower efficiency. For the
TiO2eNiePHI sample, the reaction takes place through the oxida-
tion of NiO sites to NiOOH, which acts as a cocatalyst (Scheme 2).
Combining the results obtained in water and D2O, in situ FTIR
provides information about the reactionmechanism. In the absence
of light, the electrode polarization at �0.2 V vs. RHE can convert
methanol to formaldehyde only. However, with the incidence of
light, molecules of higher oxidation degrees are obtained, and
formaldehyde is oxidized through parallel or consecutive pathways
to formic acid at 0.1 V vs. RHE and even to CO2 at 0.2 V vs. RHE or
higher potential, as summarized in Scheme 2.

Observing amongst the formed products, formic acid has a high
added value for the industry [74]. Although in this work, the
quantification and selectivity of the products has not been per-
formed, the application of the obtained photoanode in a photo-
electrolyzer is encouraged because aiming to produce
concomitantly high purity hydrogen and formic can compensate
for the financial cost of inserting methanol in the system. Certainly,
the quantification of each of the products and faradaic efficiency
data will be considered in future works in the development of
photoelectrolyzer devices for the oxidation of organics using the
TiO2eNiePHI system.”
4. Conclusions

In summary, the modification of TiO2 with NiePHI leads to a
photoanodewith improved activity for the photo-electro-oxidation
of methanol. The characterizations, especially CO DRIFT analysis,
indicate the presence of atomically dispersed nickel coordinated on
the pyridinic nitrogen groups in PHI. The nickel sites were oxidized
during the thermal treatment, leading to NiO, and besides the small
quantity of NiePHI (2.5 wt %), it influenced the organization of
crystal structure of TiO2 nanoparticles, increasing d spacing, and
leading to amorphous portions near the particle edge as observed
in TEM images. Also, the NiePHI insertionmodified the TiO2 optical
10
and electronic properties, shifting the band gap of the material,
indicating an interaction between the materials that may be one of
the factors of improved photoactivity.

The samples that were employed in the MOR displayed the
response (photocurrent) in the following order:
TiO2 < TiO2ePHI < TiO2eNiePHI. The progressively better photo-
current can be explained by three factors: (i) amorphous portions
near the edges of the particles containing electronic defects; (ii)
formation of a heterojunction between TiO2 and PHI, leading to
better charge separation and (iii) the influence of the Ni(OH)2 sites
being converted to NiOOH and acting as cocatalysts in the process.
A remarkable photocurrent of 11 mA cm�2 was reached for the
experiments with 30 deposited layers of TiO2eNiePHI under UV
radiation and a high concentration of methanol (57% V/V), which is
comparable to platinum-based materials. Besides the excellent
photocurrent obtained, the material also showed good stability,
with the photoresponse decreasing about 5% after 100 min in a
chronoamperometry.

Finally, in situ FTIR provided information about the reaction
mechanism and showed that the MOR follows the same reaction
pathway for TiO2, TiO2ePHI, and TiO2eNiePHI; i.e. methanol is
oxidized to formaldehyde in the dark and formic acid and CO2
under light irradiation. This showed that although the materials
follow the same pathway, the material modification led to different
performances. All those results indicate that the photoanode ob-
tained in the present study has proved itself as a cheap and quite
efficient alternative to replacing platinum-based electrodes in
future power generation devices, as well can be employed for the
concomitant synthesis of products of industrial interest.
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