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Graphene Oxide for Enhanced Photoelectrochemical

Hydrogen Evolution
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and Muhammad Nawaz Tahir*

1. Introduction

The uncondensed form of polymeric carbon nitrides (PCN), generally known

as melon, is a stacked 2D structure of poly(aminoimino)heptazine. Melon is
used as a photocatalyst in solar energy conversion applications, but suffers
from poor photoconversion efficiency due to weak optical absorption in the
visible spectrum, high activation energy, and inefficient separation of
photoexcited charge carriers. Experimental and theoretical studies are
reported to engineer the bandgap of melon with highly reduced graphene
oxide (HRG). Three HRG@melon nanocomposites with different HRG:melon
ratios (0.5%, 1%, and 2%) are prepared. The 1% HRG @melon
nanocomposite shows higher photocurrent density (71 pA cm~2) than melon
(24 pA cm~2) in alkaline conditions. The addition of a hole scavenger further
increases the photocurrent density to 630 pA cm~2 relative to the reversible
hydrogen electrode (RHE). These experimental results are validated by
calculations using density functional theory (DFT), which revealed that HRG
results in a significant charge redistribution and an improved photocatalytic

hydrogen evolution reaction (HER).

In times of climate change, renewable
energy sources are being extensively stud-
ied in order to address the problems of
global energy supply and environmental
sustainability.'! Among the renewable
energies, H, fuel (green hydrogen), pro-
duced from water with solar energy, is
preferred because of its natural occur-
rence and ecological compatibility.2
This requires the development of efficient,
environmentally friendly, and sustainable
technologies for the generation of green
H, fuel.l>] To this end, photocatalytic,[®”]
photoelectrochemical,l'®]  and photore-
forming generation of green H, fuel by
water splitting with solar energy are being
investigated.* 2] One of the most impor-
tant research areas for these technologies is
the synthesis of photocatalysts that can: (i)

M. Ashraf, N. Ullah, M. N. Tahir

Chemistry Department

King Fahd University of Petroleum & Minerals

Dharan 31261, Kingdom of Saudi Arabia

E-mail: muhammad.tahir@kfupm.edu.sa

R. Ali, U. Schwingenschlogl

Physical Science and Engineering Division (PSE)

King Abdullah University of Science and Technology (KAUST)
Thuwal 23955-6900, Saudi Arabia

E-mail: udo.schwingenschlogl@kaust.edu.sa

I.Khan, S. Wooh

School of Chemical Engineering and Materials Science
Chung-Ang University

84 Heukseok-ro, Dongjak-gu, Seoul 06974, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202301342

© 2023 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202301342

Adv. Mater. 2023, 2301342 2301342 (1 0of 12)

M. S. Ahmad, T. Kida

International Research Organization for Advanced Science
and Technology

Kumamoto University

2-39-1 Kurokami, Kumamoto 860-8555, Japan

M. S. Ahmad, T. Kida

Institute of Industrial Nanomaterials

Kumamoto University

2-39-1 Kurokami, Kumamoto 860-8555, Japan

T. Kida

Department of Advanced Science and Technology
Kumamoto University

2-39-1 Kurokami, Chuo-ku, Kumamoto 860-8555, Japan
W. Tremel

Chemistry Department

Johannes Gutenberg-University

Duesbergweg 10-14, D-55128 Mainz, Germany

E-mail: tremel@uni-mainz.de

M. N. Tahir

Interdisciplinary Research Center for Hydrogen and Energy Storage
King Fahd University of Petroleum & Minerals

Dhahran 31261, Saudi Arabia

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202301342&domain=pdf&date_stamp=2023-10-17

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

make optimal use of the solar spectrum (especially in the visi-
ble range of sunlight), (ii) are chemically stable, (iii) inexpensive,
and (iv) efficiently separate photoexcited charge carriers.[21314]
Transition metal oxides/chalcogenides in combination with no-
ble metals are usually the photocatalysts of choice.[*>1¢] Major
disadvantages that prevent commercialization are the lack of
chemical stability under working conditions, the insufficient ab-
sorption of sunlight in the visible spectral range, the high de-
mand for precious metals such as platinum, and the associated
costs.1% For practical implementation, metal-free photocatalysts
would be much more favorable, particularly carbonaceous mate-
rials, as they are naturally abundant, inexpensive, environmen-
tally friendly, and chemically and mechanically stable.['”] Carbon
nitride polymers and reduced graphene oxide are utilized in var-
ious photocatalytic applications.!'®2°] Their optoelectronic prop-
erties can be influenced by “proper” synthesis. Moreover, they
are affordable and available in nature in sufficient quantities,
and they are chemically stable under different pH conditions.!?¢!
Graphitic carbon nitride (g-C;N,) was explored for a variety of
photocatalytic applications. Melon, an uncondensed form of g-
C;N,, attracted attention recently.?’-2°] It has been used as a pre-
cursor for the synthesis of graphitic carbon nitride (g-C;N,) since
its discovery by Berzelius in the 1830s.1%! It also comprises tri-s-
triazine subunits linked through a planar tertiary amino group
with a layered structure.['*31] It resembles g-C,N, in terms of
its composition and backbone,?***! but differs from g-C;N, by
having terminal -NH, groups (Scheme S1, Supporting Informa-
tion). NH, groups at the surface can improve the physicochemi-
cal properties such as solubility, stability of hole states, and local-
ization of excitons within each heptazine unit of melon.3* There-
fore, melon may be a better choice than g-C;N,, for photocatalytic
applications such as water splitting. In addition, the NH, groups
on the surface could provide reactive centers for the preparation
of composites through covalent tailoring or weak intermolecular
interactions with other functional molecules.>* 3]

Frequently, attempts are made to overcome the shortcomings
of metal-free carbon nitride photocatalysts by substitution (i.e.,
“doping”) with nonmetals, 2823637 by copolymerization, 3831 or
with hybrid heterostructures or nanocomposites.l***!] Nanocom-
posites with conductive materials are an intriguing option to
improve the charge separation efficiency of semiconductors.*?]
Graphene oxide, reduced graphene oxide, or doped graphene-
based materials are intuitive examples due to their inherent elec-
tronic properties and structural compatibilities.[***#] As an exam-
ple, Dai et al. showed that the inclusion of graphene oxide into
carbon nitride films resulted in an enhanced photocurrent and
photocatalytic efficiency.[*”] They proposed the enhancement to
be due to better charge separation. In other reports, the inclu-
sion of graphene oxide with g-C;N, led to better efficiencies for
the reduction of carbon dioxide to methanel***’l in the oxygen
evolution reaction (OER),!*8] for hydrogen generation!*! and pol-
lutant degradation.>"!

Considering these criteria and melon s structural and func-
tional characteristics, we explored the use of melon in combina-
tion with HRG in photoelectrochemical water splitting. We per-
formed experimental PEC studies and verified the mechanism
using advanced computational methods to determine whether
there is strong electronic coupling at the interface between the
optically active metal-free organic semiconductor melon and con-
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ductive HRG. We also calculated the role of the remaining O-
containing functional groups of HRG. The inclusion of HRG
into melon reduced the bandgap of melon and enhanced its op-
tical properties. This explains the significance of including HRG
in melon in the charge redistribution at the interface between
melon and the HRG sheets. In addition, we tested the role of
the amount of HRG by preparing HRG @melon nanocompos-
ites with different HRG/melon ratios and tested the photoelec-
trochemical water splitting in HER reactions.

2. Synthesis and Properties of HRG@melon

The oxidation of graphite to graphene oxide (GO) followed by
reduction to highly reduced graphene oxide (HRG) (Scheme
S2, Supporting Information) was monitored by X-ray diffrac-
tion (XRD) and Raman spectroscopy. The diffractogram for GO
showed a reflection at a lower Bragg angle 26 = 12.5° (Figure S1a,
Supporting Information, blue line). After reduction to HRG, it
appeared as a broad reflection between 20 = 20° and 30°, centered
at 25°. This indicates a removal of the O-containing functional
groups (Figure 1a, blackline). The X-ray diffractogram (Figure 1a,
red line) of as-synthesized melon shows two reflections 260 =
12.32° and 27.45°, respectively.>!] The weak reflection at 26 =
12.32° corresponds to the (100) plane related to the tri-s-triazine
units, and the reflection centered at 260 = 27.45° corresponds
to the (002) plane associated with the aromatic segments.[5!]
The X-ray diffractogram of the 1% HRG@melon nanocompos-
ite showed a very similar pattern as that of pristine melon and
its reported counterpart as it constitutes the major portion of the
composite.[*°253]

The Raman spectrum of as-synthesized HRG (Figure 1b, black
line) shows two well-defined bands centered at 1345 cm™ (D
band) and 1585 cm™' (G band). There were significant varia-
tions in the intensity ratio for the D and G bands of HRG dur-
ing the oxidation and reduction steps (Figure S1b, Supporting
Information). The Raman spectra of HRG showed a higher in-
tensity ratio of the D/G bands. This indicates that the reduction
process increases the average size of the sp? domains after the
removal of the O-containing functional groups.l>*! Raman spec-
tra of pristine melon (Figure 1b, red line) showed a very broad
band between 1100 cm™! and 2200 cm™ due to its strong fluo-
rescent background. The broadened D band at 1345 cm™! in the
case of the HRG@melon nanocomposite (Figure 1b, blue line)
originates from multiple overlapping bands like the D band of
graphene, the C-N vibration mode at 1285 cm™!, and the C=N
vibration mode of melon at 1400 cm™!. The broadened G band
at 1585 cm™! arises from the overlap of the G bands of graphene
and melon.

The structure of melon was further confirmed by solid-state
13C and N NMR spectra.*) The *C cross polarization-magic
angle spinning (CP-MAS) spectrum of melon (Figure 1c) showed
two sharp signals with peak maxima at 6 = 166 and 157 ppm.
The low-field signal at § = 166 ppm was assigned to the carbon
atoms adjacent to the amino groups, and the high-field signal at
6 = 157 ppm corresponds to the CN; moieties in the heptazine
ring. For the assignment, the contact time was set to 10 ms (7).
The high-resolution >N CP-MAS spectrum of melon (Figure 1d)
showed similarities with the spectra of semicrystalline rather
than amorphous materials.’>) A consistent signal was assigned

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3(eoldde ayy Aq peusenob ae ssjoiie YO ‘@sn Jo e[l 1oy ArIqiT8UIIUO AB[IA UO (SUORIPUCD-PUe-SLLLIBY/WOY"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWid | 8L 88S *[£202/TT/90] U0 Akl aulluO A8IM ‘ZURIN Yool [aicseIseAlN AQ ZFETOEZ02 BWPe/Z00T OT/I0P/W0 A8 1M AeIq Ut |uo//Sdny WOy papeojumod ‘0 ‘S607TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(a) = Melon
1% HRG@melon
(002) —HRG

Intensity (a.u.)

10 15 20 25 30 35 40 45 50

(c) ——BccpP-MAS

Intensity (a.u.)

180 170 160 150 140 130
Sl ppm

www.advmat.de

(b) = Melon
D ——1% HRG@melon

——HRG

Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

(d) —— N CP-MAS

Intensity (a.u.)

450 475 200 -225 -250 ~-275 -300 -350
S/ ppm

Figure 1. a) XRD pure HRG, pure melon, and the 1% HRG @ melon nanocomposite, b) Raman of HRG, pure melon, and the 1% HRG @melon nanocom-

posite. ) 13C CP-MAS spectra and d) >N CP-MAS spectra of melon.

through a cross-polarization with polarization inversion (CPPI)
experiment using the time dependence of the polarization inver-
sion dynamics of non-equivalent 1*N nuclei. The distinguished
signals (Figure 1d) contain a broad intense signal from § = —171
to —205 ppm due to a continuous slow reduction in polarization
confirming the presence of tertiary N atoms (N,). The reso-
nance at § & —224 ppm showing a moderate intensity loss can
be ascribed to the central N atom. The signals at § = —245 and
—267 ppm indicate a covalently bonded, proton-induced two-step
polarization process. The intensity between the dipolar and spin
diffusion regime cross-over according to [2/(n + 1)] - 1 (n =0,
1, 2) confirms the variation among the NH (cross-over at 0) and
NH, (cross-over at —1/3) *N nuclei. The presence of NH and
NH, groups in the "N CP-MAS spectrum of melon is in har-
mony with a partially condensed network structure. The nature
of the building blocks can be determined from the isolated in-
tense signal at 6 = —224 ppm in the "N CP-MAS spectrum.
The resonance of N,.,, is indicative of the central N atom (N
of the heptazine core.l>>*%] The >N CP-MAS spectrum supports
the heptazine-based nature of melon.

The lamellar structure of HRG and 1% HRG @melon was con-
firmed using scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). The SEM and TEM microscopy
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images of HRG, melon, and the HRG@melon nanocompos-
ites are shown in Figure 2 and Figure S2 (Supporting Infor-
mation), respectively. The SEM image of as-synthesized HRG
(Figure S2a, Supporting Information) shows a layered structure.
This was also confirmed by TEM (Figure 2a). The TEM image
(Figure 2a) shows many crumpled and curved layered nanostruc-
tures of HRG due to the strong van der Waals interlayer inter-
action between the sheets. Melon also shows stacked lamellar
structures (Figure S2b, Supporting Information). The TEM im-
age of the 1% HRG @melon nanocomposite (Figure 2b) exhibits
2D sheets with well-oriented lamellae of melon stacked with
HRG.

The composites were prepared by thoroughly mixing pre-
synthesized HRG and melon by ultrasonication. The 2D charac-
teristic of the two components leads to strong z— interactions in
the basal plane and further intermolecular forces, which explains
why specific imaging techniques such as TEM show a high de-
gree of homogeneity.

The 2D morphology and thickness of the HRG sheets and
the 1% HRG @melon nanocomposite were confirmed by atomic
force microscopy (AFM, tapping mode, Figure 2c—{). The average
height profile of HRG (Figure 22) was ~1.1 nm, which confirms
the atomically thin nature of the HRG layer. The thickness of the
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Figure 2. a,b) TEM images of HRG showing the 2D layers (a) and 1% HRG@melon nanocomposite (b) and c,d) tapping-mode AFM images of HRG and
1% HRG@melon nanocomposite. e) Height profile image corresponding to the HRG sheet shown in (c), and f) height profile image of 1% HRG@melon
nanocomposite shown in (d). The height profiles (e) and (f) confirm the atomically thick nature of the HRG sheet and also indicate the self-assembly of

HRG and melon.

1% HRG@melon nanocomposite was confirmed by measuring
the height profile on the AFM image, which showed %16.8 nm
height (Figure 2f). This suggests an assembly of 2D melon sheets
and HRG.

The EDX analysis of the field-emission scanning electron mi-
croscopy SEM (FE-SEM) for the 1% HRG@melon nanocom-
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posite confirms the presence of C and N as major elements
(Figure S2d, Supporting Information) in the nanocomposite.
The empirical formula calculated from the elemental analysis
(Table S1, Supporting Information) is C, g:N, 3:H; ;5. Although
the H content is higher than expected with this formula, this phe-
nomenon is well documented in the literature.[*>7:¢0]

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 18810 3(eoldde ayy Aq peusenob ae ssjoiie YO ‘@sn Jo e[l 1oy ArIqiT8UIIUO AB[IA UO (SUORIPUCD-PUe-SLLLIBY/WOY"AB | 1M ARIq U1 [UO//SdNL) SUORIPUOD PUe SWid | 8L 88S *[£202/TT/90] U0 Akl aulluO A8IM ‘ZURIN Yool [aicseIseAlN AQ ZFETOEZ02 BWPe/Z00T OT/I0P/W0 A8 1M AeIq Ut |uo//Sdny WOy papeojumod ‘0 ‘S607TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

The chemical structure of HRG, melon, and the 1%
HRG@melon nanocomposite was analyzed using Fourier-
transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS). The FTIR spectrum of HRG (Figure S3a,
Supporting Information, black line) shows only weak peaks
~1704 and 1611 cm™! and a broad peak ~700 cm~!. The peaks
~1704 cm~! and 1611 cm™! are related to the stretching modes
of the C=0 and C=C moieties, whereas that at 700 cm™" is due
to out-of-plane deformations of the C—H moiety. This shows the
reduction of most O-containing functionalities. Melon and the
1% HRG@melon nanocomposite (Figure S3a, Supporting In-
formation, red and blue lines) show peaks between 1200 and
1600 cm™!. These are due to the stretching of the C-N moiety in
the heterocycles. A weak broad peak between 3100 and 3350 cm™!
(Figure S3a, Supporting Information, red line) is assigned to
the -NH, moiety of melon. A weak sharp peak at 810 cm™!
is attributed to the stretching of the triazine moiety of melon.
Figure S3b (Supporting Information) shows the survey spectra of
HRG, melon, and the 1% HRG @melon nanocomposites. They
indicate the presence of C and N for melon (Figure S3b, Sup-
porting Information, red line), C and O for HRG (Figure S3b,
Supporting Information, black line), and C, N, and O for the 1%
HRG @melon nanocomposite (Figure S3b, Supporting Informa-
tion, blue line).

The high-resolution C 1s spectrum (Figure 3a) for HRG sup-
ports the reduction because the peak centered at 284.5 eV cor-
responds to sp? carbon, i.e., the C=C moiety. The other signals
associated with the C 1s signal, which are due to the C-O or
C=0 moieties and centered at 285.7 and 288.3 eV, respectively,
are greatly reduced. This confirms that the structure of HRG con-
tains mostly C atoms of an sp? skeleton. Deconvolution by Gaus-
sian curve fitting for the O 1s spectrum (Figure 3b) points out the
presence of three chemically different O species with O 1s bind-
ing energies centered at 530.7, 533, and 535 eV. The intense peak
at ~533 eV is attributed to the C-O moiety, while the peaks at
530.7 and 535 eV are attributed to the C=0 and O-H- moieties,
respectively. The high-resolution XPS spectrum of melon shows
two C 1s peaks centered at 284.6 and 288.6 eV (Figure 3c). The
peak at 284.6 eV is assigned to C 1s of the C=N moiety inside the
aromatic ring and that at 288.6 eV to the heteropolar C-N moiety,
as reported previously.126°85% The high-resolution XPS spectrum
in the N 1s regime of melon shows four peaks upon deconvo-
lution (Figure 3d). They are centered at 398.7, 399.6, 400.4, and
401.4 eV and correspond to the pyridinic N atoms, the -NH, and
—NH- moieties, and to the quaternary N atoms, respectively. The
presence of the -NH, moiety shows the uncondensed nature of
melon. The high-resolution XPS spectrum in the C 1s regime of
the 1% HRG@melon nanocomposite (Figure 3e) shows similar
binding energies as that of melon. The asymmetry of the peaks
indicates the presence of chemically different C species, but it is
difficult to quantify them due to the overlap in the binding ener-
gies of the C=C moiety in HRG and the C=N moiety in melon.
This overlap explains the high intensity in the graphitic carbon
region. The high-resolution XPS spectrum in the N 1s regime of
the 1% HRG @melon nanocomposite (Figure 3f) shows similar
binding energies as that of melon. However, the peaks are broad-
ened due to the inclusion of HRG.
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3. Optical and Electronic Properties

The optical properties and the bandgaps of pristine HRG, melon,
and the 1% HRG@melon nanocomposite were determined by
UV-visible diffuse reflectance spectroscopy. Figure 4a shows the
diffuse reflectance absorption spectra of HRG, melon, and the
1% HRG@melon nanocomposite. HRG shows a very weak ab-
sorption, mostly in the UV region (Figure 4a, black line). Melon
shows a broad absorption in the UV-visible region with an ab-
sorption edge at ~480 nm (Figure 4a, red line). However, with
1% HRG@melon, the absorption edge is redshifted (~520 nm)
to the visible region (Figure 4a, blue line).>% The bandgap en-
ergies were estimated from the Kubelka—Munk functions. The
bandgap energies for melon and the 1% HRG @melon nanocom-
posite are 2.6 and 2.4 eV, respectively (Figure 4b). The enhance-
ment of the visible light utilization and narrowing of the bandgap
in the nanocomposite can be attributed to the contact of the HRG
nanosheets with the melon lamella which results in an charge
redistribution at the interface between HRG and melon. The va-
lence band (VB) and conduction band (CB) potentials of pristine
melon, HRG, and the HRG@melon nanocomposite were calcu-
lated using the empirical equations (1-3):

1
ECB=X_Ee _zEg (1)
X = [X(Q)" x X(N)" x x(0)] /"7 2)
Eyp = Ecp +E, 3)

where E.; and E; are the conduction and VB energies and X
stands for the geometric average of the absolute electronegativ-
ities of the corresponding atoms of a semiconductor calculated
from Equation (2). The superscripts a, b, and ¢ represent the
numbers of atoms of C, N, and O in the chemical formula of the
semiconductor, respectively, E, is the energy of a free electron on
the hydrogen scale (4.5 V), and E, is the bandgap. By applying
the above formulae, the relative positions of E.y and E; are pre-
sented graphically in Figure 4c.

4. Photoelectrochemical Splitting of Water

The photoelectrochemical water splitting performance of the as-
fabricated photoelectrodes using melon in combination with dif-
ferent ratios of HRG was measured in a 3-electrode cell under
AM 1.5 G illumination. The results are shown in Figure 5a. The
conductive character of HRG (a zero-bandgap material) facili-
tates charge transfer in many optoelectronic applications.[#260-62]
As expected, the inclusion of HRG enhanced the photoelec-
trochemical HER activity by charge redistribution at the in-
terface between HRG and melon (semiconductor nature with
bandgap > 2).1%%4 The I-V behavior of the as-fabricated melon
and HRG@melon photoelectrodes (Figure 5a and Table S2,
Supporting Information) under illumination indicates the so-
lar light impact on the photoelectrochemical behavior of the as-
fabricated photoelectrodes. Under simulated light exposure, the
photoelectrodes show a significant increase in the current density
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Figure 3. a—f) XPS spectra of HRG C 1s (a), HRG O 1s (b), melon C 1s (c), melon N 1s (d), 1% HRG@melon nanocomposite C 1s (e), and 1%

HRG@melon nanocomposite N 1s (f).

compared to dark conditions.[>?! We compared the linear sweep
voltammograms of the HRG@melon photoelectrodes with dif-
ferent percentages of HRG and melon (Figure 5a and Figure S4,
Supporting Information) under continuous AM 1.5 G illumi-
nation in 0.1 m KOH aqueous electrolyte containing 10% (vol-
ume/volume) triethanolamine. The photoelectrode consisting of

Adv. Mater. 2023, 2301342 2301342 (6 of 12)

only melon shows only a low photocurrent under light with
a significant onset potential, ie., 0.071 mA cm~? at —0.75
Viue- In contrast, the photoelectrode prepared from the 1%
HRG@melon nanocomposite shows the highest photocurrent
density of 0.63 mA cm~% at —0.75 Vgye. The other photoelec-
trodes containing 0.1% and 2% HRG did not show a better
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Figure 4. a) UV-visible diffuse absorption spectra of melon, HRG, and the 1%

1% HRG@melon

HRG@melon nanocomposite. b) Kubelka—Munk functions vs light energy.

c) Scheme of the theoretical optical band positions for melon and the 1% HRG@melon nanocomposite.

photocurrent. For the composite with 0.1% HRG, it could be be-
cause the amount of HRG was insufficient for a significant ef-
fect, while with 2% HRG, a conventional conductive behavior
occurred, resulting in only an insignificant improvement under
light exposure. Additionally, the higher amount of HRG (2%)
contributes more to the electrochemical behavior of HRG, which
dominates the photocatalytic performance at higher concentra-
tions. It provides a feasible pathway for electronic transport from
melon.[®] Furthermore, the potential onset value is shifted sig-
nificantly toward lower cathodic potentials with HRG and im-
proves until 1%, i.e., from —0.71 V,;; (in the case of melon) to
—0.24 Vgyp at 0.05 mA cm~? for 1% HRG@melon nanocom-
posite. Thus, the 1% HRG@melon nanocomposite shows the
best photoelectrochemical behavior among the three different
HRG @melon photoelectrodes.

The photostability of the photoelectrodes in terms of the I-¢
plots was analyzed by chronoamperometry. The chronoampero-
metric curves (Figure 5b) declined initially slightly due to the pos-
sible charge recombination behavior.!®! However, the photocur-
rent was sustained up to 2000 s with only minimal loss. We also

Adv. Mater. 2023, 2301342 2301342 (7 of 12)

carried out transient photocurrent tests to explore photocurrent
stability and recovery (Figure 5c). All samples showed recoverable
photocurrent density levels under solar illumination, indicating a
typical photocatalyst behavior. As expected, the photocurrent den-
sity level is sustained after multiple transient cycles, specifically
for 1% HRG @melon.

Electrochemical impedance spectroscopy (EIS) analysis was
carried out to understand the effect of HRG on the resistances
and the separation efficiency of the charge carriers. The EIS
analysis was performed using 0.1 M KOH aqueous solution
as an electrolyte under visible light. In the EIS Nyquist plot
(Figure 5d), the pristine samples showed larger radii than the
1% HRG @melon nanocomposite. The order of decreasing semi-
circle radii is melon > HRG > 1% HRG@melon. Upon il-
lumination, the 1% HRG@melon nanocomposite showed a
higher charge transfer than melon. The Randles circuit®! of
the 1% HRG@melon nanocomposite is provided as an inset
in Figure 5d, where Cy, R, W, CPE, and R, are the double-
layer capacitance, electrolytic Ohmic resistance, diffusion resis-
tance, constant phase element, and charge-transfer resistance,
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Figure 5. a) Linear sweep voltammograms of pristine melon, and 0.5%, 1%, and 2% HRG@melon nanocomposites in 0.1 m KOH aqueous elec-
trolyte containing 10% (v/v) triethanolamine under visible light irradiation for hydrogen evolution reactions. b) Chronoamperometric curves of the
1% HRG@melon nanocomposite. c) Transient photocurrents of melon and 0.5%, 1%, and 2% HRG@melon nanocomposites in 0.1 M KOH aqueous
electrolyte containing 10% (volume/volume) triethanolamine under visible light. d) Photoelectrochemical impedance spectra of melon, HRG, and 1%
HRG@melon nanocomposite. The Randles circuit of the 1% HRG@melon nanocomposite is provided as an inset in (d).

respectively. The enhanced activity of HRG @melon in photocat-
alytic applications results from the fact that:[®®] (i) the assembly
of HRG and melon reduces the bandgap of melon from 2.6 to
2.4 eV and (ii) the peripheral amino groups of melon enhance
the wettability of the photoanodes and improve the kinetics of
the HER.

Further elucidation of the mechanism was possible with a
Mott-Schottky analysis. Figure 6 shows that the incorporation
of HRG shifted the band position from —0.91 Vs, to —0.76
Vag/agc- This leads to an enhanced photoelectrochemical HER
activity of the 1% HRG @melon photoelectrode at a lower poten-
tial than for the melon photoelectrode, which is due to: (i) the
high surface area of HRG, (ii) the presence of z-conjugated hep-
tazine moieties of melon, and (iii) the charge redistribution at the
interface of HRG and melon. The materials have n-type conduc-
tivity as the slopes of the Mott—Schottky plots are positive.

To gain a better mechanistic insight, we performed first-
principles calculations (details are given in Supporting Informa-
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tion) to study the coupling between RG and melon. Figure 7a
shows the crystal structure of the melon (unit cell marked), and
Figure 7b,c shows the obtained band structures and projected
densities of states, respectively. We find a direct bandgap of 2.6 eV
at the I'-point, which is consistent with our experimental value
of 2.6 eV and with previous experimental (2.7 eV) and theoreti-
cal (2.6 eV) results.**) The projected densities of states indicate
that the VB edge is dominated by N p states, while the conduc-
tion band edge is dominated by hybridized C p and N p states.
Melon has a high absorption coefficient in the range of 10° cm™!
(Figure S5, Supporting Information).

The Gibbs free energy difference (AGy,.) can be used to pre-
dict the HER activity. The ideal value of zero indicates that H is
neither too weakly nor too strongly bound. In the case of melon,
we calculate AGy,. for 38 N sites and find that the symmetry-
equivalent sites 1, 2, 7, 9, 10, 16, 21, 27, 28, 30, 35, and 36 are
highly HER active with AGy. = 0.39 eV (Figure S6, Supporting
Information). As the addition of 1% HRG enhances the HER

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. a,b) Mott-Schottky plots indicating the band positions for melon (a) and the 1% HRG@melon nanocomposite (b).

activity of melon experimentally, we add an HRG nano-sheet  the charge transfer in HRG@melon with attached O, OH, and
to our simulation model. Specifically, we place HRG above the ~ COOH functional groups when HRG is placed above the void
void area of the melon (i) or above the heptazine unit of the  area of the melon and when HRG is placed above the heptazine
melon (ii) (Figure S7, Supporting Information). Again we study  unit of the melon. Figure 8e-h demonstrates a significant charge
all 38 N sites with an OH functional group attached to the HRG  redistribution, which may enhance the conductivity.

nano-sheet at two different positions (red circles in Figure S7, It is instructive to compare the HRG @melon nanocomposites
Supporting Information). The same sites as before are found to ~ with other materials from the carbon nitride group that are suc-
be highly HER active (red values in Table S4, Supporting Infor-  cessful in photochemical hydrogen generation.**®~11 As com-
mation). Among them, site 9 is particularly favorable for high  pared to prototypical carbon nitrides such as poly(triazine-imide)
HER activity. Therefore, we consider for this case additionally  (PTI) and poly(heptazine-imide) (PHI), melon has the most ap-
O, OH, and/or COOH functional groups attached to the HRG  propriate conduction band and therefore exhibits the highest
nano-sheet (Figure 8a,b). Figure 8c,d and Table S4 (Supporting  thermodynamic driving force for the HER. However, since the
Information) show that the addition of HRG to melon improves =~ HER does not correlate directly with the positions of the va-
A Gy, which confirms our experimental findings. Next, we study ~ lence and conduction bands, competing factors and/or kinetic
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Figure 7. a) Crystal structure of melon with unit cell boundaries. b) Band structure and c) projected densities of states of melon obtained with the
Perdew—Burke—Ernzerhof functional.
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Figure 8. a,b) HRG on melon above the void area of melon (a) and above the heptazine of melon (b). ¢,d) The obtained values of AG,,.. for H adsorption
at site 9 (favorable for high HER activity), respectively, for HRG with attached O, OH, and/or COOH functional groups. e-h) Charge transfer between
HRG and melon in top (e) and side (g) views when HRG is placed above the void area of melon, and in top (f) and side (h) views when HRG is placed
above the heptazine of melon. The yellow and cyan colors (iso-value of 0.001 eA=3) represent electron accumulation and depletion, respectively.

barriers may be important as well. This point is addressed in
the present work by studying HRG @melon nanocomposites. In
melon-type materials, small stacking distances and crystallinity
enhance the exciton dissociation and charge transport.l’?! Higher
crystallinity prolongs non-radiative relaxation pathways in PHI-

Adv. Mater. 2023, 2301342 2301342 (10 of 12)

type materials,[”®! but is not reflected directly by their HER activ-
ity. Structural ordering in layered carbon nitrides leads to higher
z-conjugation, which, in turn, decreases the band gap, result-
ing in enhanced light absorption.”* The high VB potential of
PHI makes photoexcited holes to strong oxidants,/”>! which we
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also observe for the HRG @melon nanocomposites. In contrast,
amorphization of melon disrupts the hydrogen bonding between
layers and the removal of dangling amine residues enhances the
HER activity.l”®] We show here by first-principles calculations that
OH and COOH functional groups of the HRG component lead
to a redistribution of charge that ultimately lowers the activa-
tion energy of the HER, similar to the higher photocatalytic activ-
ity of amorphous PTI as compared to that of crystalline PTL.l74
The role of chain ends as catalytic centers in carbon nitrides and
thus the usefulness of oligomeric building blocks to enhance the
photocatalytic activity was analyzed by transient absorption spec-
troscopy for exfoliated g-C; N, on bulk g-C;N,.[75] A charge is gen-
erated by the dissociation of excitons in bulk g-C;N, followed
by diffusion-controlled electron transfer into exfoliated g-C;N,,
which contains active catalytic centers that double the HER activ-
ity as compared to bulk g-C;N,. A similar function of HRG in the
HRG@melon nanocomposites may be envisioned.

5. Conclusion

We have synthesized HRG, melon, and HRG @melon nanocom-
posites with different HRG:melon ratios. The nanocomposites
were tested for photoelectrochemical water splitting. Our exper-
imental data show that the inclusion of 1% HRG enhances the
HER activity by approximately one order of magnitude. The find-
ings were corroborated by first-principles calculations. Both ex-
perimental and theoretical results indicate that the enhanced
HER activity is due to the: (i) high surface area of HRG, (ii)
presence of z-conjugated heptazine moieties of melon, and (iii)
charge redistribution at the interface of HRG and melon. More-
over, the presence of primary amine groups in melon enhances
the wettability of the photoanodes. In addition, we studied the
effect of the O-containing functional groups (O, OH, and/or
COOH) of HRG on the HER activity. Importantly, the designed
photocatalyst (1% HRG@melon nanocomposite) has excellent
potential for efficient HER even without the use of expensive met-
als or metal oxides. The HRG @melon nanocomposites can also
be applied as green, cost-effective, and efficient photocatalysts
for related applications such as photoreforming, light-induced or-
ganic reactions, and solar energy conversion.

Supporting Information

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