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One-dimensional (1D) hierarchical carbon nitrides nanorods (HCNNRs) mediated by cobalt was designed
and synthesized using a template free hydrothermal approach for improving solar light assisted H, evo-
lution. The performance of 1D HCNNTs was significantly enhanced compared to bulk g-C3N4 due to larger
active surface area, more visible light utilization and superior charge carrier along the unidirectional flow
pathways. The 2% Co/HCNNRs (1D) exhibited excellent photocatalytic efficiency and optimal H, yield
reached up to 620 pmol g™!, which is 11.27 and 17.71 folds more than it was attained with pure HCNNR and
bulk g-C5Ny4, respectively. This reveals that 1D structure helps to accelerate charge transport, whereas, Co
works as a mediator to trap electrons, thus improving photocatalytic performance. The crucial operating
parameters such as sacrificial reagents, feed concentration and catalyst loading were further optimized
based on highest H, evolution. Interestingly, mass transfer, charge transfer and amount of photoinduced
charges were greatly dependent on the operating parameters. Higher methanol and lower TEOA con-
centration were beneficial to yield highest photoactivity and stability. This work provides new approach to
construct template free 1D nanorods and would be beneficial to enhance performance in other solar energy
related applications.
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1. Introduction In the recent advancement, various enhancement methods such

as loading with metals and semiconductors coupling have been

Photocatalytic H, evolution is a sustainable and economical
process because it utilizes only light energy and produces environ-
ment biennial fuels to mitigate global warming effects [1]. In solar
driven hydrogen production process, photocatalyst plays a crucial
rule in achieving higher efficiency [2,3]. Layered polymeric graphitic
carbon nitride (g-C3N4), among the various semiconductors, has
increased enormous consideration in the field of metal free semi-
conductors due to its exceptional features such as low-cost, higher
reduction potential, layered structure and chemical/thermal stability
[4]. Nevertheless, it suffers restricted hydrogen production efficiency
due to less exposed surface and weak absorbance of light and fast
recombination of charge carriers [5].
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under exploration to exploit photocatalytic efficiency [6]. In het-
erojunction formation, g-C3N4/WO3 composite with higher H, evo-
lution has been reported [7]. In many other reports, Ag,S/g-CsN4 [8],
LaV04/g-C3N4 [9], and ZnInS,4/g-C3N4 [10] and LaCoOs/g-C3Ny4 [11]
have been explored for hydrogen production. Recently, we reported
that metals as cocatalysts are more efficient to promote hydrogen
instead of constructing heterojunction [12]. Therefore, it would be
more beneficial to promote semiconductor efficiency by using low
cost and small amount of metal loading compared to preparing
semiconductors using expensive metals.

Numerous noble metals including Pt, Au, Ag and Ru are widely
utilized as cocatalysts to tarp and transport charge carriers [13]. For
example, Pt loaded over MOF was tested for improving hydrogen
evolution [ 14]. Similarly, Au and Pt were loaded over TiO, to enhance
H, evolution as these metals prevent charge carrier recombination
[15]. Au was loaded over TiN to promote H, production by pre-
venting charges recombination [16]. Ag-decorated P-doped g-CN4


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2022.165332
https://doi.org/10.1016/j.jallcom.2022.165332
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.165332&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.165332&domain=pdf
mailto:muhammad.tahir@uaeu.ac.ae
mailto:bttahir@yahoo.com
https://doi.org/10.1016/j.jallcom.2022.165332

B. Tahir, M. Tahir, M. Siraj et al.

with improved H, evolution was observed [17]. However, noble
metals practical application for industrial hydrogen production is
hampered widely because of their high-cost and limited availability.

In replacement to noble metals, transition metals such as Ni, Co,
Mn and Fe are considered very promising due to their low cost, earth
abundant and reduceable characteristics [18-21]. Recently, we re-
ported Ni and Ag loaded g-CsN,4 with higher H, production because
of prevented chargers recombination [22]. Similarly, Ni-cluster
loaded g-CsN4 and Ni/TiO, were tested and observed improved
charge separation, enabling more H, evolution [23,24]. Recently, Co
is considered very promising due to its several characteristics such
as loosely bounded p-electrons, provides active sites, and enables
efficient trap of electron [25,26]. In addition, it provides higher
stability to photocatalyst due to more carbon atom attachment to its
active sites, thus hindering coke formation [27]. For example, we
investigated Ni and Co loaded over TiO, for hydrogen production and
observed boosted hydrogen production through steam reforming of
phenol [28]. In another work, Co has been proven as an oxygen
evolution cocatalyst coupled with CdS, whereas, Co-P work as hole
collector to prevent charges recombination [29]. Co-loaded over TiO,
was reported with higher H, evolution due to reducing the over-
potential and facilitates the transfer of photoinduced electrons [30].
In another work, g-CsN, efficiency was enhanced by loading with
noble metal free CoP cocatalyst which enables efficiency for H,
evolution [31]. Similarly, enhanced CO, reduction to CO was ob-
served with Co single atom loaded photocatalysts, as it accelerates
the separation of photogenerated charge carriers [32]. Therefore,
further investigation of cobalt with noble metal free semiconductor
would be beneficial to promote solar energy assisted hydrogen
production.

In addition, structural development of graphitic carbon nitride
have attracted many considerations due to their promising charge
carrier separation, larger exposed active surface area, high aspect
ratio, electron mobility along uniplanar direction, higher oxidation
potential, more light penetration depth and quantum confinement
effects [33-35]. In addition to several advantages, the performance
of nanotextures can be further stimulated by loading with metals
and coupling with other semiconductors. 3D g-CsN,4 coupled with
CdS was examined and reported obvious enhancement in H, evo-
lution due to effectively increase in path length and shorten charge
transport distance [36]. In another work, onion ring like g-C3N, was
coupled with Bi;TaO; and found promising H, evolution efficiency
[37]. Carbon nitride nanotubes doped with Ni, P and O were in-
vestigated and observed improvement in H, evolution due to facil-
itating the transfer of photogenerated electrons [38]. 3D micropore
and carbon vacancy g-C3N4 was tested for enhanced CO, reduction
and hydrogen production [39]. Ru-loaded 3D g-C3N4 with higher H,
evolution was examined in another work [40]. Previously, we re-
ported carbon nitride nanotubes for CO, reduction with significant
improvement in photoactivity compared to bulk g-C3N4 [41]. In an-
other work, carbon nitride nanorods were tested for CO, reduction
and reported boosted photocatalytic activity under visible light [42].
Therefore, synergistic effect of cobalt and hierarchical one-dimen-
sional (1D) carbon nitride would be promising to stimulate solar
energy assisted H, evolution.

In this work, controlled structure and hierarchical carbon nitride
nanorods (1D HCNNR) were synthesized using a facile template free
single step thermal treatment method. The uniform dispersion of
cobalt (Co) over 1D HCNNR was conducted using chemical reduction
method through ultrasonic approach. The performance of Co-
mediated HCNNRs was conducted in a continuous flow slurry pho-
toreactor system illuminated with visible light irradiation. The role
of structure and morphology was specifically investigated through
different characterization techniques with different experimental
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validations. The performance of CNNR was obviously enhanced for
H, evolution due to unidirectional transport of charges compared to
bulk structure of g-C3N4. Loading cobalt, a significant enhancement
in Hy yield was noticed due to their good interface interaction. The
influential effect of various parameters such as hole scavengers,
sacrificial reagents, catalysts loadings, feed concentration and reac-
tion time was further explored. The comparative performance was
critically discussed in view of mass transfer effects, light penetration
depths, adsorption/desorption limitations, availability of protons/
holes and stability of alcoholic compounds. Furthermore, stability
and recyclability in several cycles was conducted and results de-
monstrate potential application of nanotextures for developing cost-
effective solar photocatalyst.

2. Experimental
2.1. Synthesis of g-C3N4 and 1D HC3N,4 nanorods

The bulk and hierarchical carbon nitrides samples were synthe-
sized using a hydrothermal approach. Bulk g-CsN,4 is prepared
through thermal polymerization of melamine as discussed pre-
viously [42]. The porous one-dimensional CsN4 was synthesized
using mixture of melamine and urea, in which sample was heated at
550 °C with total time 2 h under air atmosphere. Typically, urea and
melamine were added to crucible in different beds, in which urea
was decomposed completely to produce gas, that was responsible to
exfoliate g-C3N, into 1D HC5N4 nanorods (HCNNR).

2.2. Synthesis of Co-loaded 1D HC3N,4 nanorods

The Co-loaded HCNNRs samples were synthesized using combi-
nation of ultrasonic and impregnation methods. Typically, 0.5 g
HCNNR in methanol (20 mL) was continuously stirred and kept
under stirring for 6 h. Afterwards, cobalt nitrate (specific amount)
was dissolved in 20 mL methanol and was gradually added to above
suspension under stirring. The mixture was stirred for another 2 h
and sonicated for 30 min to get exfoliated texture. Finally, the cobalt
dispersed suspension was dried in oven at 80 °C overnight. Finally,
fine powder was obtained after grinding and was given name as Co-
loaded HCNNR. Different samples were prepared using different
amounts of Co-loading (1, 2, 3 and 5 wt%) and was named as 1% Co/
HCNNR, 2%Co/HCNNR, 3% Co/HCNNR and 5% Co/HCNNR, respec-
tively. The schematic procedure for the preparation of g-C3Ny,
HCNNR and Co-loaded HCNNR samples is discussed in Fig. 1.

2.3. Characterization

The materials were characterized to investigate, structure, crys-
tallinity, morphology, elements dispersion, light absorption and
charge separation ability. XRD analysis was conducted using Bruker
Advance D8 diffractometer to determine crystalline structure.
Morphology analysis was conducted using SEM (Scanning electron
microscopy) with Hitachi SU8020. The morphology was further
conducted using HRTEM (High resolution transmission electron
microscopy) with JEOL JEM-ARM 200F. The element state and
composition were obtained using X-ray Photoelectron Spectroscopy
(XPS) with Axis Ultra DLD instrument. Light absorption and band
gap energy was calculated using UV-3600 Plus Spectrometer. PL
analysis was further conducted using HORIBA Scientific spectro-
meter (laser 325nm). The Raman analysis was conducted using
HORIBA spectrometer at wavelength 532 nm.
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Fig. 1. Schematic illustration for the synthesis of bulk g-C3N4 and HCNNRs samples; (a) Synthesis of bulk g-C3Ny, (b) Synthesis of HCNNRs and (c) synthesis of co-loaded HCNNRs.

2.4. Experimental photoactivity test

The H, evolution experiments were conducted in a cylindrical
quartz glass photoreactor system. The reactor has total volume of
160 mL, whereas, 140 mL active volume was used for all the ex-
periments. The light source used for photoactivity test was a visible
light source with power 35W HID Xenon. The experiments were
performed without using UV-cut filters. Before starting experiment,
100 mg powder photocatalyst was dispersed inside reactor con-
taining 140 mL aqueous solution of water-sacrificial reagent. The
reactor and piping system were cleaned using continuous flow of
nitrogen, whereas, flow of nitrogen was constantly flowing to re-
move hydrogen from the reactor and was stored using sampling
bags. The parameters investigated were catalyst loading, sacrificial
reagents, concentration, irradiation time and reusability in cyclic
runs. Methanol, glycerol and triethanolamine sacrificial reagents
with their different concentrations (vol%) ranging 2-10vol% were
investigated. The catalyst was loaded in the range of 50-200 mg and
the effect of mass transfer was investigated. Similarly, effect of dif-
ferent times was investigated for both continuous hydrogen evolu-
tion and for cyclic stability. The gas product was tested on
continuous interval of 60 min using gas analyzer and gas chroma-
tography as discussed previously [2,42].

3. Results and discussion
3.1. Characterization

The XRD results of g-CsN4, HCNNR and Co loaded HCNNR are
shown in Fig. 2(a). Two diffraction peaks at 20 of 12.76° and 27.29°
were obtained for g-CsNy, indexed to the (1 0 0) and (0 0 2) planes,
respectively. These peaks correspond to tri-s-triazine segments of
basic in-plane periodic structure and interlayer stacking of aromatic
rings for g-C3N4 [43]. When g-C3N4 was converted to 1D HCNNR,
there was no change in the crystalline structure, which confirms
successful fabrication of nanorods of g-CsN4 without any change in
crystalline structure. When Co was loaded over 1D HCNNR, the
crystalline plane of (0 0 2) was slightly altered with 20 of 27.39°,
which confirms successful fabrication of Co-loaded 1D HCNNT using
facile single step hydrothermal approach and similar results are
reported previously [36].

The Raman analysis for g-C3N4, HCNNR and Co-loaded HCNNR
was further conducted to understand the successful fabrication of
nanotexture and their good interface interaction and results are
presented in Fig. 2(b). For pure g-C3N4, Raman peaks were observed
at 469.8cm™!, 704.4cm™', 977.7cm™’, 1115.4cm™’, 1480cm™ and
1619.4cm™!, corresponding to polymeric structure of graphitic
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Fig. 2. (a) XRD analysis of g-C3N4, HCNNR and Co/HCNNR samples, (b) Raman analysis
of g-C3N4, HCNNR and Co/HCNNR samples.

carbon nitride. For 1D HCNNR, Raman peaks were observed at
2109cm™!, 356.8cm™!, 476.7cm™!, 7044cm™', 975.7cm’’, and
1231.6cm™!. Comparatively, one new peak was observed at
210.9cm™', whereas, other peaks were somewhat altered due to
complete decomposition of melamine to polymeric structure. When
Co was loaded over 1D HCNNR, all the peaks were observed,
whereas, their positions was somewhat altered due to good inter-
action with cobalt. All such observations are in close agreement with
the results obtained by XRD analysis.

The change in structure and morphology of g-CsN4, 1D HCN na-
norods and Co-loaded 1D HCNNR was inspected using FESEM as
shown in Fig. 3(a-d). Fig. 3(a) shows closely packed non-uniform
sheets of g-C3N,4 with irregular structure using thermal treatment of
melamine under air atmosphere. Fig. 3(b-c) shows uniform size and
one-dimensional carbon nitride nanorods. This confirms successfully
structured 1D HCNNR using template free thermal treatment of
melamine in the presence of gases released from the decomposition
of urea. When Co-was loaded over HCNNR through ultrasonic ap-
proach, exfoliated and mesoporous structure of HCNNR was
achieved as shown in Fig. 3(d). This would be beneficial to promote
light utilization with higher distribution of Co for fast charge carrier
separation.

The structure of Co-loaded 1D HCNNR was also examined using
TEM and structural developments are depicted in Fig. 3(e-f). The
TEM image in Fig. 3(e) shows obvious g-C3N4 sheets with rod like
structure. The layered CN has obvious 1D rods with uniform size and
shape as depicted in Fig. 3(f). All these observations approve suc-
cessful fabrication of 1D HCNNR with controlled structure using
single step thermal treatment. EDX mapping analysis was further
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conducted to assess elements distribution and results are discussed
in Fig. 4. Fig. 4(a) shows morphology of HCN nanosheets loaded with
Co. Fig. 4(b) shows EDX peaks of C, N, O and Co. The EDX mapping
distribution of Co, C, N and O is further illustrated in Fig. 4(c) with
their uniform distribution. Furthermore, color distribution in
Fig. 4(d-g) shows the presence of C, N, Co and O, respectively. Thus,
successful fabrication of Co/IDHCNNR composite can be obtained
using facile hydrothermal method.

Fig. 5 shows XPS analysis of Co-loaded HCNNR to understand
elemental state and their compositions. Fig. 5(a) shows C 1s high
resolution spectrum with 284.6 and 288.1 eV binding energies, as-
cribed to C-C and N-C=N, respectively [44]. In the resolution spec-
trum of Co 2p in Fig. 5(b), four peaks were obtained, which were
positioned at binding energies 780.6, 787.2, 797.2 and 802.3 eV. Si-
milarly, 780.6 and 797.2 eV binding energies ascribed to spin orbits
Co 2psj; and Co 2pqj,, respectively, indexed to Co?* [45]. The two
peaks at 787.2 and 802.3 eV are satellite peaks, which further con-
firms the existence of cobalt as oxide state [19]. Fig. 5(c) shows N1s
spectrum with 397.7, 398.9 and 401.3 eV binding energies, ascribed
to C-N=C, N-(C); and C,-NH, respectively [44]. Fig. 5(d) shows O 1s
spectrum with binding energies 529.6 and 532.3 eV, belonged to
lattice oxygen and absorbed water and oxygen vacancies produced
within the g-C3N4 structure. All these results conclude Co loaded
over HCNNR as a Co?*, whereas, presence of oxygen vacancies was
also observed, which will be beneficial to promote charge carrier
separation.

The optical properties of g-C3N4, HCNNR and Co-loaded HCNNR
was further conducted using UV-vis DRS and results are shown in
Fig. 6(a). Using g-C3N4 and 1D HCNNR, there was not much differ-
ence in UV-visible light absorption spectra. This was obviously due
to no change in crystalline structure of the samples. When Co was
loaded to HCNNR, light absorption was slightly increased due to
visible light response of the cobalt. For g-CsN4, HCNNR and Co/
HCNNR, Kubelka-Munk (K-F) was used to calculate band gap energy
as shown in Fig. 6(b). The energy band gap of 2.83, 2.84 and 2.83 eV
were estimated for g-C3N4, HCNNR and Co-loaded HCNNR samples,
respectively. Previously, 2.80 eV band gap for g-CsN4 , synthesized
through thermal decomposition of melamine at 600 °C for 2 h, was
obtained [46]. Similarly, 2.79 eV band gap energy was reported for
2D g-C3N,4, synthesized through thermal polymerization of mela-
mine at 550 °C for 4h [8]. Recently, increased band gap of g-CsN4
(2.71eV) was obtained by converting into 3 DOM g-C3N,4
(2.76 eV) [36].

The g-C3N4, HCNNR and Co-loaded HCNNR charge carrier se-
paration was further investigated using PL as shown in Fig. 6(c).
Higher PL intensity was obtained with g-C3N, due to more re-
combination of charge carriers [33]. However, a diminished peak
intensity was observed with 1D HCNNR, which is ascribed to less
charge’s recombination compared to g-C3Ny4. This shows 1D struc-
ture has more potential to increase life of electrons and holes. Re-
cently, a lower PL intensity of 3DOM g-C3N, compared to bulk g-
C3Ny4 has been reported due to quantum size effect [36]. A further
weakened PL intensity was noticed when Co was loaded over
HCNNR, evidently efficient charge carrier separation and transpor-
tation. This reveals, cobalt is not only beneficial to increase active
sites but also works as mediator to trap and transport electrons,
which results in their lower recombination rate. In many articles
reduced in PL intensity has been reported using metals as cocatalysts
such as NiO/g-C3N,4 [47], Ni-Ag/g-C3N4 [22], and Ag/g-CsN4 [43]. All
these findings confirm that not only metals but structural alterna-
tion is beneficial to hinder charges recombination rate. Also, sy-
nergistic effect of metal and morphology has significant effect to
weaker PL intensity, thus, enabling proficient charge carrier se-
paration.

The PL charge separation analysis can also be further investigated
using several other techniques. For example, Peng et al., [31]
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Fig. 3. (a) SEM image of g-C5Ny4, (b-c) SEM images of 1D HCNNRs, (d) SEM image of Co-loaded HCNNR, (e-f) TEM images of Co-loaded HCNNR with uniform size and shape.

reported higher photocurrent intensity of CoP/g-C3N4 compared to
bulk g-C3N4 which proves cocatalysts as a promising source for the
separation and transfer of photoinduced electron and holes. In an-
other development, PL analysis was compared with photocurrent
tests and observed higher photocurrent density of nitrogen vacancy
rich g-C3N4 than using bulk g-C3Ny. It was concluded that N vacancy
modified g-CsN4 improves charges separation rate, resulting in
higher photocurrent density and photocatalytic efficiency [35,48].

3.2. Photocatalytic hydrogen production

3.2.1. Effect of Co-loading

The performance of different graphitic carbon nitride materials
such as bulk g-C3N4 one-dimensional carbon nitride nanorods
(CNNRs) and Co-loaded CNNRs was examined using glycerol as a
hole scavenger (sacrificial reagents) under visible light and the re-
sults are shown in Fig. 7. Using bulk g-C3N,, highest 35 umolg™! H,
yield was attained, whereas, it was boosted to 55 pumol g”! with 1D
nanorods of HCN. This significant enhancement in H, yield can be
ascribed to transfer of electrons in one dimensional along the length
of rods, enabling their effectual utilization during protons reduction
process as illustrated in Fig. 7(b-c). Recently, 3D g-C3N4 was

examined for H, evolution and observed significantly improved
photoactivity due to non-radiation pathway which enables im-
provement in charge separation [36]. Mesoporous g-CsN, with
higher H, evolution was reported due to higher charges migra-
tion [49].

The performance of HCNNR was further investigated using dif-
ferent Co loading amounts of 1-5wt% (Fig. 7a). Loading 1 wt% Co
into HCNNR, H, of 320 umol ¢! was produced, nearly 5.82 times
more than using pure HCNNR. Using 2 wt% Co-loaded over HCNNR,
highest H, yield of 620 pmol g”! was attained. This amount of H,
yield over 2% Co/HCNNR is 11.27 and 17.71 folds more than it was
attained with pure HCNNR and bulk g-C3N,, respectively. This aug-
mented photoactivity can be linked to several factors such as uni-
directional flow of electrons with boosted charges separation by Co,
higher active sites, oxygen vacancies and more visible light utiliza-
tion [50,51]. Recently, nitrogen vacancy g-C3N,4 was investigated and
observed 5.9 folds higher H, evolution compared to bulk g-C3N, due
to higher surface area, stronger light response and improved mi-
gration and separation of charge carriers [35]. Similarly, higher H,
evolution was achieved over mesoporous g-C3N4 having nitrogen
defects due to increased charge carrier separation [48,52|. However,
when 3 and 5wt% Co-loading was used, H, productivity was
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Fig. 4. SEM and EDX mapping analysis of Co-loaded HCNNR; (a) SEM of Co/HCNNR, (b) EDX plot, (c) EDX mapping of elements distribution, (d-g) color images for C, N, Co and O.

gradually declined. Several possibilities exit in these decreasing
trends such as aggregation of extortionate loading quantity within
the g-C3N,4 hollow nanorods and also prevents more light harvesting
over the active sites [19].

Fig. 7(b-c) shows charge transfer illustration over 2D g-C3N4 and
1D nanorods for photocatalytic H, evolution. Using 2D sheets,
electrons have to travel longer distance to react with protons for
hydrogen production. In addition, due to production of electrons and
holes, there would be possible recombination of photoinduced
charges, resulting in lower hydrogen production. Furthermore, due
to compact sheets, there is less penetration of light, resulting in
lower hydrogen production. When, 2D g-CsN4 was converted to 1D
nanorods, there was efficient transport of charges along the length of
nanorods, providing two possibilities, less charges recombination
and more availability for H, evolution. All such results and findings
confirm that alternation of structure and morphology have sig-
nificant effect on photocatalytic efficiency enhancement.

3.2.2. Effect of sacrificial reagents

The photocatalyst performance is greatly dependent on the sa-
crificial reagent due to the challenges of charge carrier recombina-
tion and lower number of protons produced during water oxidation.
Therefore, to further understand the effectiveness of 1D Co/HCNNR
photocatalyst, the role of different hole scavenger such as glycerol,
methanol and triethanolamine (TEOA) were investigated and their
results are shown in Fig. 8. Fig. 8(a) shows performance comparison
of different sacrificial reagents in the presence of 2% Co/HCNNR
while keeping all other variable constant. Using pure water, H, yield
of 50umol g™! was produced, whereas, with 5vol% glycerol, 12.4
folds (620 umol g!) higher H, amount was obtained. The H, yield of
920 and 745umolg™! were produced using methanol and TEOA,
respectively. Comparatively, highest H, yield was produced with

methanol as the sacrificial reagent, which is 1.23, 1.48 and 18.4 folds
higher than it was evolved by using TEOA, glycerol and water, re-
spectively.

The findings of this work for H, evolution using various sacrificial
reagent can be discussed based on various hypothesis. In general,
sacrificial reagent traps holes and also useful to produce electrons,
resulting in excessive availability of protons (H*) and electrons (e-)
for the reduction reaction of H, production. Thus, lower H, yield
with H,0 can be ascribed due to less protons (H*) production but
more electron-hole pairs recombination. On the other hand, higher
production of H, with methanol and TEOA than it was evolved using
glycerol, probably due to more adsorption of these molecules over
the catalyst surface having active sites [53]. Previously, it has been
investigated that TEOA with g-C3Ny4 has higher H; yield compared to
methanol, ethanol, glycerol and many other sacrificial reagents. This
was suggestively due to higher stability of m conjugated structure of
amine rich g-C3N4 by the effective binding of TEOA over the pho-
tocatalyst surface. Furthermore, TEOA improves photocatalyst dis-
persion and consumes photogenerated holes, enabling obviously
enhanced H, productivity [54]. In another development, Ru/g-C3Ny4
was tested for photocatalytic H, evolution using glycerol and me-
thanol hole scavengers. The H, yield with highest quantity was
achieved using methanol due to proficient methanol molecules at-
tachment over the catalyst active sites [40].

The concentration of different sacrificial reagents was further
investigated to evaluate the performance of Co/HCNNR photo-
catalyst. The glycerol, methanol and TEOA concentrations of 2-10 vol
% in water were prepared and were tested using 100 mg of photo-
catalyst. Fig. 8(b) shows H, evolution rate with glycerol 2, 5 and
10vol% in water. Using small amount of glycerol (2 vol%), H, pro-
duction of 265umolg™' was produced, approximately 5.3 folds
higher than using only water. This obvious enhancement was due to
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Fig. 5. XPS analysis of Co/HCNNR; (a) C 1s, (b) Co 2p, (c) N 1s, and (d) O 1s.

more production of protons (H*) with consumption of holes (h*),
thus, enabling to prolong life of charge carriers. The amount of H,
was further upgraded to 620 and 1005pmol g™, when glycerol
concentration was increased to 5 and 10 vol%, with H, increment of
12.4 and 20.1 folds while keeping all the parameters identical. This
augmented H, production with increasing glycerol concentration
was probably as a result of more absorption of molecules on the
active sites of the photocatalyst. This reveals, glycerol is an im-
portant sacrificial reagent to promote photocatalyst performance.
Fig. 8(c) shows the effect of methanol concentration on the 1D
Co/HCNNR photocatalyst performance at different irradiation time.
Using H,0, trivial quantity of H, was evolved, noticeably improved
when methanol of 2vol% was added to reactor system. This was
obviously due to more production of protons (H") and electrons (e-)
with prolonged life time of photogenerated electron and hole pairs.
When concentration was increased to 5vol%, a significant en-
hancement of H, yield over the entire irradiation time was achieved,
supposedly due to more protons and electrons production over the
photocatalyst surface. However, when concentration was increased
to 10 vol%, different trends were observed, whereas, initially, more
H, production was observed at the start of reaction, however, it was
reached to lower values than 5 vol% after 60 min of irradiation time.
These observations can be explained based on several factors such as
mass transfer, attachment of reactants over the active surface and
saturation of catalyst active sites with side products. With increasing
methanol concentration to 10 vol%, probably active sites were satu-
rated with methanol due to its good attachment with catalyst sur-
face, thus, activating reforming reaction for the production of other
products such as CO and CH,4 instead of only H, [55]. Thus, hydrogen

production was increased with increasing methanol initial con-
centration, however, more investigations are required to further
understand the role of Co and HCNNR for such observations.

Fig. 8(d) shows the performance of 1D Co/HCNNR photocatalyst
with various vol% of TEOA under different irradiation times. Inter-
estingly different results were obtained by varying TEOA con-
centration over the reaction time. Using 2 vol% TEOA, initially, lowest
amount of H, was produced until reaction time of 1 h, however, H,
yield was significantly improved with increasing reaction time.
When the TEOA concentration was increased to 5 and 10 vol%, in-
itially, H, yield was increased until reached to 1h and then it was
lower than 2 vol% TEOA. By comparing performance based on 2h
irradiation time, H, yield was increased in order of 2 vol% TEOA >
5vol% TEOA > 10 vol% TEOA > H,0. These findings can be explained
based on several hypothesis and possibilities. Using pure water,
lower amount of H, yield was obviously due to lower amount of
proton production with more charges recombination rate. Initial
increasing of H, yield by varying TEOA concentration was probably
due to less dispersion of highly viscous TEOA in water. Thus, with
increasing concentration, more TEOA was attachment to catalyst
active sites, thus, enabling to enhance H, yield. Conversely, de-
creased in H, yield with higher concentration after 2 h was evidently
more TEOA attachment over the active sites due to its good ad-
sorption capacity over g-C3N4 compared to methanol and glycerol,
thus, H, yield was declined. Another possible reason would be less
light penetration at higher TEOA concentration due to its higher
viscosity and also possibility of other products production such as
CO and CH4 due to the activation of reforming reaction [55]. How-
ever, further investigations are required to explore about sacrificial
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reagents role and their concentration on the photocatalyst perfor-
mance. Thus, both types of sacrificial reagents and their concentra-
tions are crucial to investigate to maximize the photocatalyst
performance.

3.2.3. Effect of catalyst loading

In photocatalysis process, production of charge carriers and the
reactants i.e., water and sacrificial reagent attachment over the
photocatalyst active surface are significant features to be considered
to comprehend mechanism of H, production. For this purpose,
performance of Co/HCNNR photocatalyst was further investigated by
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varying loading amounts from 50 to 200 mg using TEOA hole sca-
venger. Fig. 9(a) shows the yield of H, (umol) at different catalyst
loading and reaction times. Using photocatalyst loading of 50 mg,
trivial H, yield was evolved, obviously attributable to less availability
of catalyst surface for photocatalytic reaction. When catalyst amount
was increased further to 100, 150 and 200 mg, continuous increment
in H, evolution was detected over the entire irradiation. These re-
sults can be clarified by considering two factors; with the increase of
photocatalyst loading, more catalyst active surface availability for
the attachment of TEOA and excessive generation of photoinduced
charges due to more light utilization. Therefore, more production of
proton (H*) and electrons were obtained with increasing catalyst
loading, resulting in more H, production through proton reduction
process.

The role of catalyst loading was further examined in terms of per
unit weight of hydrogen produced (pmol g™!) and the results are
discussed in Fig. 9(b). Interestingly different patterns of H, yield
were obtained using units of pmol g”' compared to H, yield in units
of pmol as discussed previously. Using catalyst of 50 mg, less H,
(nmol g') amount was obtained due to less availability of active
surface area. However, highest H, yield (umol g™!) was obtained
using 100 mg of catalyst loading. This was evidently due to opti-
mized surface-active sites available to maximize the rate of reaction.
When the catalyst loading was increased to 150 and 200 mg, the H,
yield was decreased due to the several possible reasons. With in-
creasing catalyst loading above the optimal value, it provides hin-
drance for the penetration of light irradiation inside the slurry
dispersion system. Besides, with excessive catalyst loading, only
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small portion of catalyst will be exposed to light irradiation, thus,
yield of H, per unit mas of catalyst will be reduced. Furthermore, H,
yield was different with various irradiation times. For the first 2 h,
highest H, yield was obtained using 150 mg, however, beyond 2 h of
reaction time, 100 mg was the optimized amount to maximize H,
productivity. This can be justified based on two hypotheses. Initially,
at the start of reaction, catalyst was not uniformly dispersed and
there was good channeling for the penetration of light irradiation to
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enhance H, yield. However, with increasing time, catalyst was uni-
formly dispersed and also, there would be exfoliation of nanorods,
resulting in lower photocatalytic efficiency.

The schematic illustration for photocatalytic H, evolution with
various catalyst loading in suspension has been illustrated in Fig. 10
(c-d). Using small amount of catalyst loading (50 mg) in 140 mL (2%
TEOA), only few particles were dispersed inside the suspension.
Thus, there was efficient light penetration inside suspension, how-
ever, smaller surface area was available for photoactivation, resulting
in lesser amount of H, evolution. When the amount of catalyst was
increased to 200 mg, the number of particles were increased, which
created hindrance for light penetration. Due to less area of catalyst
illuminated, amount of H, evolved per unit mass of catalyst was
decreased. This reveals both the catalyst loading and light penetra-
tion inside suspension are the critical to maximize hydrogen pro-
duction efficiency.

3.2.4. Stability analysis

The performance of any photocatalyst for practical application is
not only dependent on the effectiveness of H, generation but it is
also greatly relied on the recyclability and stability. The stability of
Co/HCNNR was tested for consecutive four cycles using TEOA as the
sacrificial reagents and the results are discussed in Fig. 10 (a). Con-
tinuous production of H, was evolved in all the four cycles and over
the entire irradiation time. More interestingly, H, yield was in-
creased after every cycle till reached to maximum value after 4th
cycle. This increased in H, yield can be justified on several possible
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reasons. First, with continuous stirring of Co/HCNNR, catalyst was
uniformly dispersed and exfoliated within the TEOA solution, en-
abling more production of protons and electrons for hydrogen pro-
duction, Secondly, due to continuous light irradiation, cobalt can be
reduced to metallic state, enabling it more efficient for trapping of
electrons. Thirdly, during continuous light irradiation in multiple
cycles, there would be possible attachment of intermediates over the
photocatalyst active sites, which were also converted to hydrogen
during photocatalysis process. However, further investigations are
required to understand new findings in the presence of transition
metal loaded 1D HCNNR and TEOA sacrificial reagent. The increased
in H, evolution would probably be due to ability of carbon attach-
ment to cobalt active sites, which facilitates water gas shift reaction
and promotes H, evolution [28]. Cobalt is also well known as oxygen
evolution cocatalyst with other semiconductors, which enables the
utilization of carbon attached over catalyst active sites and convert
to gaseous products, resulting in more active sites available for fur-
ther reaction [29].

To further investigate the possible pathways of efficiency en-
hancement, Co/HCNNR spent catalyst was further characterized
suing XPS analysis and the results are presented in Fig. 10 (b). In the
resolution spectrum of Co 2p, six peaks were obtained, which were
positioned at binding energies 775.7, 780.2, 784.5, 789.7, 798.3, and
804.8 eV. The peaks appeared with binding energies 775.7 and
784.5 eV reflects the presence of cobalt in metallic state (Co°). The
other strong peak at 780.2 and 798.3 eV belongs to cobalt as the Co**
and similarly discussed previously [56]. The two peaks at 789.7 and
804.8 eV are satellite peaks, which further confirms the existence of
cobalt as oxide state [17]. Previously, Fe-Co loaded g-CsN,4 for H,
evolution was examined in multiple cycles, whereas, after every
cycle, H, yield was significantly weakened [19]. Similarly, we tested
stability performance of Ru/g-CsN4 with methanol as the sacrificial
reagent, however, photocatalyst lost stability after every cycle [40].
CoP/g-C3N4 was tested for stability analysis, however, photoactivity
for H, evolution was dropped after 2nd cyclic run [57]. Similarly, in
another development, stability analysis for H, evolution over CoP/g-
C3N4 was conducted for nine runs and reported a continuous drop in
H, evolution. The CoP/g-CsN,4 spent catalyst was further character-
ized and observed identical XRD patterns of fresh and used samples
[31,50]. Ni-cluster/g-C3N4 was tested for H, production, and stability
in multiple cycles was not consistent [23]. Co/TiO, was tested for
photocatalytic H, evolution and reported stable photoactivity in
multiple cycles [30]. All these literature findings confirm that Co not
only improve active sites with improve charges separation, but also,
improve photostability in multiple cycles.

3.3. Proposed mechanism for hydrogen production

The photocatalyst activity can be systematically discussed based
on charge transfer within the heterostructure which is schematically
discussed in Fig. 11. The 1D HCNNR provides a good interface in-
teraction with cobalt, which enables effectual charge carrier transfer
and separation with higher light energy utilization. Under solar ir-
radiation, electron (e”) and holes (h*) are generated over the HCNNR
surface, and then the photogenerated electron transferred along the
length of nanorods, providing unidirectional flow, which limits their
recombination rate. Previously, higher charge transfer over 3D DOM
g-C3N,4 was observed compared to bulk g-C3Ny, resulting in higher
charge transfer due to quantum size effect [36]. The presence of Co
works as a cocatalyst and trap electrons, which are finally trans-
ferred for H" reduction to hydrogen. The holes retained at VB are
consumed for water with the production of protons (H"). The pre-
sence of sacrificial reagent utilized holes and hinder the re-
combination of photogenerated electrons and holes, whereas,
improves the photocatalytic activity. Previously, it was reported that
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Fig. 11. Proposed charge transfer pathways for photocatalytic H, evolution over Co-loaded 1D HCNNR photocatalyst under visible light.

the presence of cobalt reduces overpotential of H, evolution and
facilitates the transfer of photoinduced electrons, thus improving H,
evolution activity [30]. Therefore, both morphology alternation and
metal loading are beneficial to promote charges separation with
higher light utilization for promoting photocatalytic efficiency.

4. Conclusions

In this study, template free 1D hierarchical carbon nitrides na-
norods (CNNRs) imbedded with Co were successfully designed and
fabricated for efficient and stable photocatalytic H, evolution under
solar energy. The optimized 2% Co/HCNNR exhibits remarkable H,
production of 620 umol g, roughly 11.27 and 17.71 folds more than
it was attained with pure HCNNR and g-CsNy, respectively. The one-
dimensional structure is beneficial to provides larger surface area for
the penetration of light irradiation with higher transportation of
charge carrier. The cobalt was promising to produce active sites
which work as mediator to trap electrons. Thus, 1D HCNNR with
cobalt as cocatalyst was not only beneficial to trap and transport
electrons but they also restrain back flowing of electron and accel-
erates the charge transfer for H, production. The presence of sacri-
ficial reagent provides boost to water splitting reaction and improves
H, evolution kinetic. The mass transfer, number of protons in sa-
crificial reagents, alpha-hydrogen and viscosity of sacrificial reagents
were the influential parameters to control reaction kinetics, which
should be optimized to maximize photocatalyst performance for
facilitating photocatalytic H, evolution. Using methanol and TEOA,
highest hydrogen production was obtained, whereas, 2% TEOA and
5% methanol were the best concentrations to get highest H, evolu-
tion rate. Among the catalyst loading, more hydrogen was evolved
with increasing loading amounts, however, rate per unit mass was
decreased. The continuous photoactivity and stability was further
achieved in consecutive four cycles with increasing trends of H,
evolution. This study provides new approach for constructing hier-
archical 1D nanorods of g-C3N4 for developing highly efficient pho-
tocatalyst and would be promising for other solar energy
applications.
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