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Abstract
Photoreforming has been shown to accelerate the H2 evolution rate compared to water splitting due to thermodynamically 
favorable organic oxidation. In addition, the potential to simultaneously produce solar fuel and value-added chemicals is a 
significant benefit of photoreforming. To achieve an efficient and economically viable photoreforming process, the selec-
tion and design of an appropriate photocatalyst is essential. Carbon nitride is promising as a metal-free photocatalyst with 
visible light activity, high stability, and low fabrication cost. However, it typically exhibits poor photogenerated charge 
carrier dynamics, thereby resulting in low photocatalytic performance. Herein, we demonstrate improved carrier dynamics 
in urea-functionalized carbon nitride with in situ photodeposited Ni cocatalyst (Ni/Urea-CN) for ethanol photoreforming. 
In the presence of 1 mM Ni2+ precursor, an H2 evolution rate of 760.5 µmol h−1 g−1 and an acetaldehyde production rate of 
888.2 µmol h−1 g−1 were obtained for Ni/Urea-CN. The enhanced activity is ascribed to the significantly improved carrier 
dynamics in Urea-CN. The ability of oxygen moieties in the urea group to attract electrons and to increase the hole mobility 
via a positive shift in the valence band promotes an improvement in the overall carrier dynamics. In addition, high crystal-
linity and specific surface area of the Urea-CN contributed to accelerating charge separation and transfer. As a result, the 
electrons were efficiently transferred from Urea-CN to the Ni cocatalyst for H2 evolution while the holes were consumed 
during ethanol oxidation. The work demonstrates a means by which carrier dynamics can be tuned by engineering carbon 
nitride via edge functionalization.
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1  Introduction

Photocatalysis offers a direct route to harness solar energy 
for green H2 production. Water splitting over a semicon-
ductor photocatalyst, for instance, has been extensively 
demonstrated to cogenerate H2 and O2 [1]. Compared to 
photovoltaic-powered electrolysis, this process is expected 
to offer lower capital and operating expenditure as solar 
panels and expensive electrolyzers are not needed [2–4]. 
In addition, this technology can be employed remotely and 
for onsite use, reducing the reliance on long distance H2 
transport [5]. However, the application of photocatalytic 
water splitting is hindered by the challenging O2 evolution 
reaction that ultimately leads to poor solar-to-H2 conver-
sion efficiency [6].

Photoreforming is a promising alternative to photocata-
lytic water splitting in which the O2 evolution reaction 
is replaced with a thermodynamically favorable organic 
oxidation reaction. This process has been shown to sig-
nificantly accelerate the H2 evolution reaction [7]. Never-
theless, typical photoreforming may generate CO2 waste 
from over-oxidation of the organic substrate. For example, 
a Pt/TiO2 photocatalyst has been shown to achieve an H2 
evolution rate of 10.5 mmol h−1 g−1 during the photore-
forming of methanol with 45% selectivity toward CO2 
[8]. Consequently, controlling the extent to which organic 
oxidation occurs is crucial to achieving selective photore-
forming. Delivering a selective system would enable the 
simultaneous production of solar H2 fuel and value-added 
chemicals [9].

Ethanol, obtained from waste biomass such as brewery 
and food industry wastewater, is an appealing organic sub-
strate for photoreforming, particularly due to difficult separa-
tion of the ethanol–water azeotropic mixture. In addition to 
its proven role in accelerating the H2 evolution rate, utilizing 
waste-derived ethanol can significantly contribute to lower-
ing the H2 production cost while alleviating the waste issue 
at the same time. However, due to its simple chemical struc-
ture, ethanol is relatively easy to be over-oxidized into CO2 
and/or undergo side reactions into undesirable CO, CH4, and 
C2H4 products. Consequently, controlling the selectivity of 
ethanol oxidation to a high value intermediary product, such 
as acetaldehyde, is crucial. Acetaldehyde is widely used as 
an industrially important feedstock to manufacture a multi-
tude of end products including food and beverages, paints 
and coatings, adhesives, resins, and pharmaceuticals [10]. In 
2020, the acetaldehyde market was valued at US$1,567.84 
million and is projected to reach US$2,422.75 million by 
2030 [11], thus highlighting a significant economic benefit 
of selective ethanol photoreforming.

Generally, most visible-light-responsive semiconduc-
tors are compelling photocatalyst candidates for selective 

photoreforming by virtue of their suitable band edges to 
drive H2 evolution and to prevent the formation of non-
selective hydroxyl radicals. Graphitic carbon nitride 
(g-C3N4) is one in a suite of visible-light-active semicon-
ductor materials that has gained substantial attention for 
selective photoreforming due to its high stability and low 
fabrication cost [12]. More importantly, the unique char-
acteristics of polymeric carbon nitride allow for a facile 
surface engineering at a molecular level [13]. However, the 
photocatalytic performance of carbon nitride is restricted 
by its poor charge carrier separation and utilization. In 
general, pristine carbon nitride has several shortcomings, 
such as large particle size, high recombination rate of 
charge carriers, and low electrical conductivity [14].

To date, the photocatalytic efficiency of carbon nitride, 
indicated by apparent quantum yield (AQY) and solar-to-H2 
conversion efficiency (STH), does not meet practical needs. 
The AQY of carbon nitride photocatalysts, which reflects 
the quality of the light-harvesting materials, remains low 
especially when compared to inorganic semiconductors. In 
terms of STH, the highest reported STH efficiency for car-
bon nitride-based photocatalysts is around 2% [15], which 
is lower than the 10% STH practical feasibility threshold 
defined by the U.S. Department of Energy. Enhancing car-
rier dynamics in carbon nitride is key to improving both 
the AQY and STH which is essential to increase the via-
bility. A range of photocatalyst design strategies, such as 
nanostructuring, doping, copolymerization, functionaliza-
tion, defect engineering, and heterojunction formation have 
been developed to improve the activity of carbon nitride 
[16–20]. Among them, surface functionalization has been 
demonstrated as a promising technique to suppress elec-
tron–hole recombination in carbon nitride by inducing an 
uneven charge distribution. Cyanamide-functionalized car-
bon nitride, for example, was reported to be more effective 
in transferring the holes for organic oxidation, thus leading 
to an enhanced electron uptake for H2 production [21, 22]. 
More recently, urea-functionalized carbon nitride derived 
from cyanamide-terminated carbon nitride has been found 
to further improve photocatalytic H2 evolution performance 
although it is less studied compared to other functionalized 
carbon nitrides [23].

In addition to a functionalization strategy, cocatalysts 
can play a crucial role in accelerating charge carrier dis-
sociation and providing catalytically active sites for the H2 
evolution reaction. Platinum, for instance, is a prominent 
metal cocatalyst that has been demonstrated to significantly 
boost the H2 evolution rate. However, using expensive Pt 
metal can increase process costs and promote C–C cleav-
age of organics that leads to undesirable over-oxidation into 
CO2 [24]. Alternatively, Ni has been shown as a promis-
ing and comparatively inexpensive metal cocatalyst for 
both H2 production and selective alcohol oxidation. On 
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a cyanamide-functionalized carbon nitride, in  situ pho-
todeposited Ni cocatalyst in the presence of excess Ni2+ 
ions was previously reported to give an H2 production rate 
of 2.32 mmol h−1 g−1 and an acetaldehyde production rate 
of 2.54 mmol h−1 g−1 with negligible CO2 production [21]. 
However, slow Ni photodeposition was observed as indi-
cated by a 4 h lag time at the start of the reaction due to the 
strong electron-storing property of cyanamide-functional-
ized carbon nitride and the energetically challenging Ni2+ 
reduction process [21].

Here, we report the use of urea-functionalized carbon 
nitride with in situ photodeposited Ni for ethanol photore-
forming. The presence of urea groups is expected to sigin-
ificantly shorten the lag time for Ni2+ reduction as well as 
increase the H2 evolution and acetaldehyde production rates 
due to the improved photogenerated charge carrier dynam-
ics. The promotional effects of the urea functional groups 
and Ni cocatalyst during ethanol photoreforming are inves-
tigated using extensive photocatalytic studies and in-depth 
photoelectrochemical characterization. The findings offer 
new insights into how carbon nitride functionality influences 
its charge carrier dynamics as well as electron transfer to the 
metal cocatalyst, thus collectively enhancing the photocata-
lytic activity.

2 � Experimental

2.1 � Chemicals

Melamine (99%), potassium thiocyanate (KSCN, 99%), and 
nickel nitrate hexahydrate (Ni(NO3)2.6H2O, 99.999%) were 
obtained from Sigma-Aldrich. Ethanol (100%) was pur-
chased from ChemSupply. Prior to use, KSCN was dried 
at 140 °C under vacuum. All other chemicals were used as 
received without further purification.

2.2 � Photocatalyst synthesis

Pristine carbon nitride (p-CN) was synthesized via polym-
erization of the melamine precursor at 550 °C for 4 h under 
air in a muffle furnace. Cyanamide-functionalized carbon 
nitride (NCN-CN) was fabricated by grinding p-CN and 
KSCN (weight ratio 1:2) and heating the solid mixture at 
400 °C for 1 h followed by 500 °C for 30 min under Ar in a 
horizontal tube furnace [25]. After being naturally cooled 
to ambient temperature, the obtained product was washed 
with water multiple times and dried at 60 °C under vacuum.

Urea-functionalized carbon nitride (Urea-CN) was pre-
pared by adding 500 mg of NCN-CN to 50 mL of 1 M 
HCl aqueous solution. After 2 h of stirring, the resulting 

off-white mixture was centrifuged, washed repeatedly with 
water, and dried at 60 °C in a vacuum oven.

2.3 � Photocatalyst characterization

Attenuated total reflectance infrared (ATR-IR) spectra 
were acquired on a PerkinElmer UATR Spectrum Two 
Fourier transform infrared (FTIR) spectrometer with a 
diamond crystal. X-ray photoelectron spectroscopy (XPS) 
was undertaken on a Thermo ESCALAB250Xi instrument 
with Al Kα radiation source. X-ray diffraction (XRD) pat-
terns were obtained on a PANalytical X’Pert multipur-
pose diffractometer, using Cu Kα radiation at 45 kV and 
40 mA. Brunauer–Emmett–Teller (BET) surface areas 
were measured on a Micromeritics TriStar 3030 instru-
ment using the N2 physisorption method at − 195.8 °C. 
The samples were degassed under vacuum at 150 °C for 
3 h prior to analysis. UV–Vis diffuse reflectance spectra 
(DRS) were recorded on a Shimadzu UV-3600 spectropho-
tometer with BaSO4 as the reference and analyzed using 
the Kubelka–Munk model. Photoluminescence (PL) spec-
tra of the sample dispersed in water (250 mg L−1) were 
collected on a HORIBA Fluoromax-4 spectrofluorometer 
at an excitation wavelength of 318 nm. Time-resolved 
photoluminescence (TRPL) characterization was carried 
out on the p-CN, NCN-CN, and Urea-CN thin films using 
time-correlated single photon counting (TCSPC) (Micro-
time200, Picoquant) with excitation wavelength of 405 nm 
at a repetition rate of 10 MHz. To exclude the signals from 
excitation laser, a 430–490 nm band pass filter was applied 
before the detector. The metal loading on the powder sam-
ples was measured using a PerkinElmer OPTIMA 7300 
inductively coupled plasma-atomic emission spectrometer 
(ICP-AES) after microwave-assisted aqua regia digestion.

Photoelectrochemical (PEC) characterization was car-
ried out in a cell equipped with a quartz window for illu-
mination using an Autolab potentiostat (PGSTAT204). The 
electrolyte was a mixture of 10% ethanol and 90% 0.5 M 
Na2SO4 aqueous solution. Ag/AgCl and Pt foil were uti-
lized as the reference and counter electrodes, respectively. 
The working electrode was prepared by drop casting the 
sample suspension in ethanol (2 mg cm−2) on a fluorine-
doped tin oxide (FTO) slide (2 × 1 cm2). Chronoamper-
ometry was undertaken under chopped illumination by a 
solar simulator (Newport, 100 mW cm−2) at a potential of 
1.2 V vs RHE. Electrochemical Mott–Schottky plots were 
obtained under dark condition with the potential ranging 
from − 0.2 to 1.0 V vs RHE and a frequency of 1000 Hz. 
Electrochemical impedance spectra (EIS) were acquired in 
the dark under a potential of 0 V vs RHE and a frequency 
from 0.1 Hz to 100 kHz. Linear sweep voltammetry (LSV) 
was carried out under dark conditions with an applied volt-
age from − 0.8 to 0.0 V vs RHE.
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2.4 � Evaluation of photoreforming performance

Photoreforming tests were conducted in a spiral pho-
toreactor as illustrated in Fig. S1 [21, 26] (illumina-
tion area ~ 218.4 cm2). A 100 mg load of photocatalyst 
was dispersed in 100 mL of 10 vol % ethanol and 1 mM 
Ni(NO3)2.6H2O aqueous solution under ultrasonication. 
The mixture was added to the photoreactor and purged 
with N2 prior to light irradiation. All tests were per-
formed under illumination using a 20 W NEC fluorescent 
lamp FL20SBL (light intensity ~ 5 mW cm−2) as the light 
source. Figure S2 shows the emission spectrum of the 
lamp.

Gaseous products including H2, CH4, CO, CO2, and C2H4 
were analyzed using an online Shimadzu GC-2014 gas chro-
matograph equipped with a thermal conductivity detector 
(TCD) and flame ionization detector (FID). After a defined 
reaction time, liquid samples were withdrawn from the pho-
toreactor, filtered through a 0.22 μm nylon syringe filter, 
mixed with D2O (volume ratio of liquid sample to D2O was 
9:1), and analyzed by 1H nuclear magnetic resonance (NMR) 
spectroscopy on a Bruker Avance III 600 MHz NMR using 
a presaturation method for water suppression. The external 
standard was sodium acetate in H2O/D2O (volume ratio of 
9:1).

2.5 � Ferrioxalate actinometry

Ferrioxalate actinometry was performed on the spiral photo-
reactor. The actinometry was conducted using the protocol 
descsribed by Hatchard and Parker [27]. The reactor was 
filled with 100 mL of 6.1 mM potassium ferrioxalate and 
0.05 M sulfuric acid solution. The kinetics of Fe2+ formation 
under light irradiation were followed by periodically with-
drawing a 20 µL aliquot from the reactor and mixing it with 
5.75 mL of 1 M sodium acetate, 3.75 mL of 0.5 M sulfuric 
acid, and 125 µL of ligand solution (0.05 M 1,10-phenanth-
roline and 0.05 M sulfuric acid). The concentration of Fe2+ 
was determined from the absorbance at 510 nm (Shimadzu 
UV-3600 spectrophotometer). The calibration curve was 
obtained using Mohr’s salt as the Fe2+ standard.

3 � Results and discussion

Urea-functionalized carbon nitride (Urea-CN) was prepared 
via a two-step treatment procedure as shown in Scheme 1. 
In the first step, the pristine carbon nitride (p-CN) prepared 
via thermal polymerization of melamine was further treated 
with KSCN at 400 °C for 1 h and 500 °C for 30 min under 
an Ar atmosphere to form cyanamide-functionalized carbon 
nitride (NCN-CN). Subsequently, the cyanamide groups in 
NCN-CN undergo an acid hydrolysis reaction upon the addi-
tion of HCl aqueous solution to form Urea-CN.

The synthesized p-CN is a typical heptazine-based car-
bon nitride as indicated by the presence of heptazine rings 
and bridging secondary amines (-C-N) observed from its 
ATR-IR spectrum in Fig. 1a. The IR vibration at 803 cm−1 
corresponds to the heptazine core, while the IR bands at 
1307 and 1211 cm−1 confirm the existence of –C–N [25, 
28]. Upon ionothermal and acid-catalyzed hydrolysis, both 
NCN–CN and Urea-CN maintain their natures as heptazine-
based carbon nitride materials, evidenced by the IR bands 
for heptazine rings and –C–N. In terms of edge function-
ality, amino groups are present on the surface of p-CN as 
revealed by the N–H stretching IR vibration at 3000 cm−1. 
On NCN–CN, the amino functional groups were substituted 
by the cyanamide groups as shown by the C≡N stretching IR 
vibration band at 2181 cm−1 [25]. After the acid hydrolysis 
treatment, the cyanamide groups were hydrolyzed into urea 
functional groups as indicated by suppression of the C≡N 
band as well as the appearance of characteristic IR bands 
for urea at 1653, 1579, and 1549 cm−1 [23]. In addition, 
the presence of urea groups in Urea-CN is confirmed by 
the appearance of a C = O peak (533.4 eV) in its O 1 s XPS 
spectrum which does not exist at the O 1 s edge of p-CN and 
NCN–CN (Fig. S3).

Figure 1b shows that p-CN has the most prominent dif-
fraction peak at 27.6° which is denoted as the (002) plane 
with a d-spacing of 3.23 Å. This peak is ascribed to the inter-
layer distance of the graphitic material. p-CN also exhibits 
a low-angle reflection peak at 12.8°, indexed as the (100) 
plane with an in-plane periodicity of 6.90 Å. The peak cor-
responds to the distance of the nitride pores [25]. The XRD 
pattern of NCN–CN suggests a denser plane stacking for 

Scheme 1   Schematic illustra-
tion of Urea-CN synthesis, 
showing p-CN and its conver-
sion to NCN–CN by an iono-
thermal treatment using KSCN 
melt, and its acid-catalyzed 
hydrolysis to Urea-CN. Edge 
functional groups in p-CN, 
NCN-CN, and Urea-CN are 
highlighted in yellow
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NCN–CN with an interlayer distance of 3.16 Å as indicated 
by the (002) peak shift to a higher angle of 28.3°. In addi-
tion, the (100) peak of NCN–CN is split and shifted to 8.0 
and 9.8°, revealing extended in-plane distances of 11.0 and 
9.02 Å, respectively. Urea-CN, which is derived from NCN-
CN, exhibits similar XRD features to NCN–CN, suggesting 
that the acid hydrolysis did not alter the bulk crystal struc-
ture. However, one notable difference is a slight shift of the 
(100) peak from 9.8° to 10.2°, implying a smaller d-spacing 
for Urea-CN (8.67 Å). This could be attributed to the ability 
of urea functional groups to form hydrogen bonds with the 
surrounding heptazine rings, leading to tighter packing [23].

The influences of edge functional group in carbon nitride 
on the electronic band structure were investigated using a 
suite of characterization techniques including UV–Vis 
DRS, Mott–Schottky measurements, and valence band XPS. 

Figure 2a illustrates that p-CN and NCN-CN have similar 
band gap energies of 2.67 and 2.69 eV, respectively. How-
ever, the conversion of cyanamide groups to urea groups 
was observed to significantly widen the band gap energy to 
2.83 eV. Valence band XPS was undertaken to determine 
the energy difference between the Fermi level and valence 
band [29]. Values of 2.36, 2.15, and 2.75 eV were obtained 
for p-CN, NCN–CN, and Urea-CN, respectively (Fig. S4). 
Mott–Schottky measurements were also conducted to esti-
mate the flat band potentials of the samples. The positive 
slopes of the Mott–Schottky plots (Fig. S5) for all samples 
indicates that they are n-type semiconductors and the flat 
band potentials can be assumed to be the same as the Fermi 
levels [30]. As shown in Fig. S5, Fermi levels of − 0.38, 
− 0.36, and − 0.44 V vs RHE were observed for p-CN, 
NCN–CN and Urea-CN, respectively. Combining all the 

Fig. 1   Physicochemical charac-
terization of p-CN, NCN-CN, 
and Urea-CN. a ATR-IR spectra 
and b XRD patterns of p-CN, 
NCN–CN, and Urea-CN

Fig. 2   Electronic band structure arrangements for p-CN, NCN–CN, 
and Urea-CN. a UV–Vis DRS spectra of p-CN, NCN–CN, and Urea-
CN with the corresponding Tauc plots in the inset. b Schematic illus-

tration of the postulated electronic band structures of p-CN, NCN–
CN, and Urea-CN
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above information, the band structures of p-CN, NCN–CN, 
and Urea-CN are postulated as illustrated in Fig. 2b. It is 
apparent that Urea-CN possesses a more energetic valence 
band than p-CN and NCN–CN. This is due to the contri-
bution of the O 2p orbital from the urea functionality that 
leads to the shift in the valence band toward a more positive 
value [31].

The role of edge functionality in determining the photo-
catalytic activity and selectivity of the samples for ethanol 
photoreforming was evaluated. Urea-CN exhibits improved 
H2 production compared to p-CN and NCN–CN as illus-
trated in the time-dependent H2 evolution profiles (Fig. 3a). 
Figure 3b shows that p-CN generated 24.3 μmol h−1 g−1 of 
H2 and 36.0 μmol h−1 g−1 of acetaldehyde with an acet-
aldehyde selectivity of 96.6%. Upon cyanamide function-
alization, NCN–CN exhibited an enhanced acetaldehyde 
production of 155.1 μmol h−1 g−1 with close to 100% selec-
tivity toward acetaldehyde. The negligible H2 production 
from NCN-CN is attributed to its electron-storing capabil-
ity [32, 33]. In contrast, the introduction of urea groups on 
Urea-CN was found to improve the H2 evolution rate to 
44.7 μmol h−1 g−1 and increase the acetaldehyde production 
rate to 175.6 μmol h−1 g−1 with an acetaldehyde selectivity 
of 97.6%. The lower H2 yield compared to the acetaldehyde 
yield for the Urea-CN photocatalyst is likely ascribed to 
the remaining cyanamide groups that are not hydrolyzed as 
shown by the residual C≡N stretching IR vibration band in 
Fig. 1a. This indicates that a portion of the electrons gener-
ated by Urea-CN is stored within the remaining cyanamide 
moieties, lowering the overall electron uptake for the surface 
reduction reaction.

To improve the electron uptake and enhance the over-
all performance, Ni was in situ photodeposited on p-CN, 

NCN–CN, and Urea-CN. The initial concentration of Ni2+ 
was maintained at 1 mM and the samples are denoted as 
Ni/p-CN, Ni/NCN-CN, and Ni/Urea-CN, respectively. The 
time-dependent H2 evolution profiles in Fig. 4a show that, 
upon the introduction of Ni2+, lag periods at the beginning 
of the reaction due to the Ni photodeposition process are pre-
sent for all three samples. For Ni/p-CN, a lag period of 1 h 
is observed followed by poor H2 evolution and acetaldehyde 
production rates of 102.6 and 282.0 μmol h−1 g−1, respec-
tively (Fig. 4b). The short lag time for p-CN accompanied 
by poor performance indicates a weak interaction between 
the Ni cocatalyst and amino groups present on p-CN. In 
contrast, Ni/NCN–CN exhibits the longest induction time 
of 4 h, which may be attributed to the strong electron-stor-
ing property of NCN–CN. The ensuing performance of Ni/
NCN-CN (201.6 µmol H2 h−1 g−1 and 352.5 µmol acetalde-
hyde h−1 g−1) is higher than for Ni/p-CN. The improved pho-
tocatalytic activity of Ni/NCN–CN compared to Ni/p-CN is 
driven by the role of cyanamide groups in invoking effec-
tive photogenerated hole transfer to the ethanol, as discussed 
in our previous study [21]. This leads to a higher electron 
uptake by the Ni species for self-reduction into Ni deposits 
and subsequently, for H2 generation. Moreover, cyanamide 
groups in NCN–CN were found to be a better ligand for 
Ni attachment on the surface compared to amino groups in 
p-CN, providing a stronger metal–support interaction. This 
is evidenced by the higher Ni loading of Ni/NCN–CN (5.87 
wt %) compared to Ni/p-CN (0.97 wt %) [21, 25].

Unlike Ni/NCN–CN, Ni/Urea-CN offers a shorter lag 
period of 1 h. Interestingly, the photocatalytic performance 
was significantly enhanced with H2 and acetaldehyde pro-
duction rates of 760.5 and 888.2 µmol h−1 g−1, respectively. 
Despite the lower actual Ni loading on the Ni/Urea-CN 

Fig. 3   Ethanol photoreforming performance by p-CN, NCN–CN, and Urea-CN. a Time-dependent H2 evolution profiles and b calculated H2 and 
acetaldehyde production rates for p-CN, NCN–CN, and Urea-CN
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photocatalyst (0.97 wt %), its performance exceeds the 
activity for Ni/NCN–CN. The presence of Ni cocatalyst 
on Urea-CN is further confirmed by the Ni 2p XPS spectra 
as shown in Fig. S6, which indicates Ni0 (853.6 eV) and 
Ni2+ (856.3 and 858.4 eV) species are present [34, 35]. The 
higher acetaldehyde yield for Ni/Urea-CN than that obtained 
for Ni/p-CN and Ni/NCN–CN is attributed to its more ener-
getic valence band (although it is still insufficient for non-
selective hydroxyl radical formation) that leads to a higher 
hole mobility. In terms of H2 production, the enhancement 
shown by Ni/Urea-CN is also significantly higher than for 
Ni/p-CN and Ni/NCN–CN. This is ascribed to the presence 
of the O atom in the urea groups which may improve charge 
carrier dynamics in Urea-CN, thus accelerating electron 
transfer from Urea-CN to the Ni cocatalyst. In this instance, 
Ni holds a crucial role in delivering higher activity due to 
several factors. When Ni is anchored on Urea-CN, a junction 
will form due to the higher work function of Ni than carbon 
nitride [36]. The junction leads to the effective transfer of 
photoexcited electrons from Urea-CN to Ni. Moreover, Ni 
acts as the active site for proton reduction into H2, thus low-
ering the reaction energy barrier, which in turn improves H2 
production [36].

In addition to the H2 evolution rate, the AQY, which is 
widely approved as a benchmark parameter in the photoca-
talysis field [37–39], was calculated. It should be pointed out 
that the AQY in this work was obtained only for one pho-
tocatalyst loading (1 mg mL−1) that has not been optimized 
yet. In photocatalytic H2 generation, AQY is defined as the 
ratio of the number of photogenerated electrons applied for 
H2 evolution relative to the number of incident photons on 
the photocatalyst from outside [39]. As a polychromatic 
light source was used in this work, ferrioxalate actinometry 

was employed to estimate the number of incident photons 
(λ = 250–500 nm) on the spiral photoreactor (Supplemen-
tary Methods). Figure S7 shows that the spiral photoreactor 
used in this work exhibits a high photon flux of 2.860 × 1018 
photons s−1 despite the low intensity of the light source. 
This highlights the benefit of a spiral photoreactor in that 
it provides a high exposed light illumination area (~ 218.4 
cm2), thus allowing for a high number of incident photons 
at low light intensity. Based on the obtained photon flux and 
H2 evolution rate, the AQY was calculated using Eq. 1 [39].

where rH2
 is the H2 evolution rate (mol s−1) and n is 

incident photon flux. The unoptimized AQY for Ni/Urea-
CN (0.89%) is higher than for Ni/p-CN (0.12%) and Ni/
NCN–CN (0.24%), thereby indicating more efficient light 
utilization for H2 evolution by Ni/Urea-CN. When compared 
to the existing literature on Ni/g-C3N4-based photocatalysts 
(Table S3), the calculated AQY in this work is relatively 
low. This may be attributed to the unoptimized photocata-
lyst and cocatalyst loadings, which strongly influence the 
AQY value [39]. Nevertheless, the unoptimized AQYs for 
Ni/p-CN, Ni/NCN–CN, and Ni/Urea-CN in this work are 
sufficient to confirm the improved charge carrier dynamics 
in Ni/Urea-CN.

To provide insights into material stability, long-term 
ethanol photoreforming was performed for Ni/Urea-CN. 
The Ni2+ precursor was introduced only at the beginning 
of the first cycle and with no additional Ni2+ then added in 
the subsequent cycles. The long-term time-dependent H2 
evolution profile in Figure S8 shows a moderate stability 

(1)AQY =
2 × rH2

n
,

Fig. 4   Ethanol photoreforming performance by Ni/p-CN, Ni/NCN-CN, and Ni/Urea-CN. a Time-dependent H2 evolution profiles and b calcu-
lated H2 and acetaldehyde production rates for Ni/p-CN, Ni/NCN–CN, and Ni/Urea-CN
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in terms of H2 generation with a decrease in H2 yield under 
a prolonged irradiation time. To investigate factors influ-
encing the stability, Ni/Urea-CN was recovered after 9 h 
of reaction and characterized by ATR-IR spectroscopy. As 
seen in Figure S9, the ATR-IR spectrum of Ni/Urea-CN is 
nearly identical to that of fresh Urea-CN, indicating that 
urea groups remained. However, a new strong IR band at 
1223 cm−1, which is likely to be attributed to C–O stretch-
ing vibration, was observed after reaction. The appearance 
of C–O stretching IR vibration in Ni/Urea-CN suggests that 
a portion of urea functional groups was hydrolyzed during 
the longer reaction timeframe, leading to a decrease in the 
long-term photocatalytic performance.

As our previous findings suggest that excess Ni2+ in solu-
tion may also impart a significant effect on the performance 
of the carbon nitride photocatalyst, we performed a con-
trol experiment using a 1 wt % Ni2+ precursor on Urea-CN 
(close to the actual Ni loading on Ni/Urea-CN), which is 
denoted as Ni(1%)/Urea-CN. Figure S10 shows that Ni(1%)/
Urea-CN exhibits a longer induction period and lower per-
formance compared to Ni/Urea-CN, indicating there are 
charge-induced activation effects invoked by the excess Ni2+ 
in solution as was observed in our previous work. However, 
it is interesting to see that, even with a low Ni2+ input, the H2 

evolution rate for Ni(1%)/Urea-CN (390.9 µmol h−1 g−1) is 
twofold higher than for Ni/NCN-CN (which has Ni cocata-
lyst loading of 5.87 wt %). Consequently, it is important to 
investigate the charge carrier dynamics of all samples to 
determine the factor(s) that improve ethanol photoreforming 
performance in the presence of the Ni cocatalyst.

In-depth photoelectrochemical characterization was con-
ducted to confirm the accelerated carrier dynamics in the 
Urea-CN photocatalyst. Steady-state PL spectra, shown in 
Fig. 5a, illustrate a strong emission signal for p-CN which 
originates from the radiative decay of charge carriers in the 
heptazine matrix due to electron–hole recombination [40]. 
In contrast, both NCN–CN and Urea-CN exhibit a signifi-
cant quenching of emission peaks in which the signal for 
Urea-CN is the lowest. The emission peak for Urea-CN is 
also shifted to a shorter wavelength (412 nm) compared to 
p-CN and NCN-CN (445 nm) due to the wider band gap of 
Urea-CN. In addition, upon grafting the urea groups, the 
chronoamperometric I–t plots with chopped illumination 
in Fig. 5b show that Urea-CN has the best photoresponse 
among the three samples with a photocurrent density of 
47.5 µA cm−2 at an applied potential of 1.0 V vs RHE. Col-
lectively, the reduced PL emission intensity and improved 
photocurrent density displayed by Urea-CN reveals better 

Fig. 5   Charge carrier dynamics 
in p-CN, NCN-CN, Urea-CN 
and Ni/Urea-CN. a Steady-state 
PL spectra for p-CN, NCN–CN, 
and Urea-CN. b Chronoamper-
ometry I–t curves for p-CN, 
NCN–CN, and Urea-CN under 
chopped illumination at 1.2 V 
vs RHE. c Electrochemical 
impedance spectra (EIS) for 
p-CN, NCN–CN, and Urea-CN 
under the dark condition at an 
applied potential of 0.0 V vs 
RHE. d Cathodic linear sweep 
voltammetry (LSV) curves 
for Urea-CN and Ni/Urea-CN 
under the dark condition
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charge separation and transfer efficiency, which may be 
attributed to the electron-withdrawing effects of the O atom 
present in the urea groups [41].

Electrochemical impedance spectroscopy (EIS) was 
performed to further evaluate the charge transfer efficiency 
at the interface of the photocatalyst and electrolyte [42]. 
Nyquist plots for p-CN, NCN–CN, and Urea-CN are pre-
sented in Fig. 5c. The arc radius of the fitted Nyquist plot is 
proportional to the charge transfer impedance [43]. The cal-
culated series resistance (Rs) and charge-transfer resistance 
(Rp) of FTO/electrode and electrode/electrolyte interfaces 
are summarized in Table S1. Urea-CN exhibits a noticeable 
decrease in the arc radius compared to p-CN and NCN–CN, 
indicating that the existence of urea functional groups is 
helpful for charge transfer. The improved charge transfer 
subsequently leads to accelerated interfacial electron and 
hole consumption in Urea-CN as evidenced by the lower 
charge transfer resistance at the photocatalyst/electrolyte 
interface (Rp) of Urea-CN (2.24 kΩ) compared to p-CN 
(22.38 kΩ) and NCN-CN (10.84 kΩ).

Time-resolved photoluminescence (TRPL) measurements 
were employed to examine the charge carrier kinetics, which 
can provide an insight into the interfacial electron trans-
fer dynamics. The TRPL decay curves were obtained using 
a time-correlated single-photon counting technique with 
a pulsed laser at an excitation wavelength of 405 nm. To 
determine the charge lifetimes, the TRPL decay curves of 
p-CN, NCN–CN, and Urea-CN (Fig. S11) were fitted with 
biexponential functions according to Eq. 2.

where A and � are the amplitudes and lifetimes, respec-
tively. All fitted kinetic parameters for p-CN, NCN-CN, and 
Urea-CN are summarized in Table S2. The TRPL decays for 
all carbon nitride samples are biexponential in which the 
fast decay components ( �1 ) have a more prevalent contribu-
tion than the slow decay component ( �2 ). The fast and slow 
TRPL decay components are ascribed to nonradiative and 
radiative recombination, respectively [44]. The charge trans-
fer pathway leading to H2 evolution can be considered as an 
efficient nonradiative channel [23]. The average lifetimes 
are calculated for p-CN, NCN-CN, and Urea-CN according 
to Eq. 3.

The average lifetime for Urea-CN (0.476 ns) is signifi-
cantly lower than that for p-CN (1.345 ns), indicating a faster 
nonradiative recombination rate in Urea-CN than in p-CN. 
NCN-CN, which has been identified as having a strong elec-
tron-storing property [21], and possesses a shorter average 

(2)yi = y0 + A1e
−(x−x0)

�1 + A2e
−(x−x0)

�2 ,

(3)�av =
A1�

2

1
+ A2�

2

2

A1�1 + A2�2

.

lifetime (0.374 ns) than Urea-CN. However, the shorter 
average charge carrier lifetime of NCNCN did not lead to a 
higher photocatalytic performance compared to Urea-CN. 
The prevalent electron-storing property of NCNCN could 
hinder electron consumption in the absence or limited pres-
ence of electron scavengers, thus delivering diminished 
photoelectrochemical characteristics and photocatalytic 
performance.

In the presence of Ni as an H2 evolution cocatalyst, elec-
tron transfer is expected to be significantly improved as 
observed from the enhanced ethanol photoreforming per-
formance by Ni/Urea-CN. The EIS spectrum of Ni/Urea-
CN in the Fig. 5c inset suggests that the presence of the 
Ni cocatalyst assists with improving the interfacial charge 
transfer. Based on its fiitted Nyquist plot, the charge transfer 
resistance at the interface between Ni/Urea-CN and the elec-
trolyte is calculated to be 1.79 kΩ, which is lower than that 
for Urea-CN. To further verify the enhanced electron trans-
fer by the Ni cocatalyst, cathodic linear sweep voltamme-
try (LSV) was conducted on the Urea-CN and Ni/Urea-CN 
samples. Figure 5d shows that the LSV response of Ni/Urea-
CN under dark conditions exhibits a more negative cathodic 
current density compared to the Urea-CN. For instance, at an 
applied potential of − 0.7 V vs RHE, Ni/Urea-CN exhibits 
a current density of − 0.92 mA cm−2, which is more than 
twofold higher than for Urea-CN (− 0.37 mA cm−2). This 
indicates that the Ni cocatalyst can assist with accelerating 
electron uptake for the H2 evolution reaction.

Mott–Schottky measurements were also conducted on 
Urea-CN and Ni/Urea-CN (Fig. S12). The donor densities 
are calculated from the slopes of the obtained Mott–Schottky 
plots. Based on the Mott–Schottky equation (Eq. 4), the 
donor density ( ND ) is inversely proportional to the slope 
while the x-intercept represents the flatband potential ( Vfb ) 
[45].

where Cscl is the space-charge capacitance of the semi-
conductor, �s is the dielectric constant of the semiconductor 
(7.17–8.05 for carbon nitride thin film; median value of 7.61 
is used) [46], �0 is the permittivity of free space, A is the 
area of the interface, e is the electron charge, V is the applied 
potential, Vfb is the flatband potential, kB is Boltzmann’s con-
stant, T  is the absolute temperature. Ni/Urea-CN exhibits 
an enhanced donor density of 7.80 × 1026 m−3 compared to 
Urea-CN (5.70 × 1026 m−3), indicating an accelerated elec-
tron transfer from Urea-CN to Ni. In addition, a positive 
shift of the flatband potential for Ni/Urea-CN is mainly due 
to the Ni cocatalyst which may alter the equilibrium of the 
Fermi level position. This creates a band bending structure 
at the Ni and Urea-CN junction [47].

(4)
1

C2

scl

=
2

�s�0A
2eND

(

V − Vfb −
kBT
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Based on the photoelectrochemical characterization 
results, we propose a mechanism for ethanol photoreforming 
on the Ni/Urea-CN photocatalyst. Under light irradiation, 
Urea-CN is activated to form electrons and holes. Subse-
quently, these charge carriers migrate to the photocatalyst 
surface and are attracted by the electron-withdrawing O moi-
ety in the urea groups, preventing recombination with the 
holes. The electrons are then transferred to the Ni cocatalyst 
for H2 evolution. Concurrently, the mobile photogenerated 
holes in the energetic valence band of Urea-CN invoke the 
accelerated selective ethanol oxidation into acetaldehyde.

The enhanced crystallinity and specific surface area of 
carbon nitride may also contribute to the carrier dynamics 
improvement. Upon the introduction of cyanamide func-
tional groups, NCN-CN exhibits a higher crystallinity than 
p-CN as shown by the XRD patterns in Fig. 1b. The crystal-
linity improvement is attributed to the ability of cyanamide 
groups to induce further polymerization of heptazine rings 
as well as the presence of potassium cations that lead to a 
more ordered stacking [33]. Interestingly, the crystallinity 
of Urea-CN remains high after acid-catalyzed hydrolysis. 
In crystalline carbon nitride, the photogenerated electrons 
and holes typically exhibit higher mobility, thus leading to 
improved charge migration from the bulk to the surface. 
Concomitantly, the protons in solution during hydrolysis 
treatment may intercalate between the carbon nitride lay-
ers and subsequently exfoliate the structure. The exfoliation 
effect is evident from the significantly higher specific surface 
area of Urea-CN (101.5 m2 g−1) compared to p-CN (15.6 
m2 g−1) and NCNCN (57.7 m2 g−1). The improved specific 
surface area of Urea-CN facilitates more rapid consump-
tion of electrons and holes on the surface, preventing severe 
charge carrier recombination.

4 � Conclusions

In summary, an in situ photodeposited Ni on urea-function-
alized carbon nitride (Ni/Urea-CN) has been demonstrated 
to improve ethanol photoreforming performance. In the 
presence of a 1 mM Ni2+ precursor concentration, Ni/Urea-
CN delivered an H2 evolution rate of 760.5 µmol h−1 g−1 
in conjuction with an acetaldehyde production rate of 
888.2 µmol h−1 g−1. Introducing the urea groups was shown 
to improve carrier dynamics in the carbon nitride photo-
catalyst due to the electron-withdrawing effect of the O 
moiety in the urea groups. In addition, Urea-CN possesses 
high crystallinity and specific surface area, enabling rapid 
charge carrier migration and transfer as evidenced by the 
photoelectrochemical characterization findings. As a result, 
electron transfer from the Urea-CN to the Ni cocatalyst for 
H2 evolution and the hole transfer for ethanol oxidation are 
improved, delivering an overall enhanced performance.
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