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A B S T R A C T

Gold nanoparticle doped graphitic carbon nitride (Au/g-C3N4) photocatalysts were synthesized via different 
preparation methods and evaluated for the visible-light-driven degradation of methyl orange at room temper
ature. All Au-modified samples exhibited superior photocatalytic activity compared to unmodified g-C3N4, which 
was attributed to the positive role of gold in enhancing charge separation. Notably, catalysts containing well- 
dispersed Au bimodal size distribution (<0.5 nm intercalated between the layers and 2 nm on the surface) 
displayed the highest efficiency, achieving complete methyl orange degradation within 180 min. The superior 
activity of the simple impregnation-derived sample was attributed to its small Au particle size and strong 
interaction with the g-C3N4 matrix, which facilitated electron trapping and reactive oxygen species generation as 
shown by photoluminescence, photocurrent response and electrochemical impedance spectroscopy Nyquist 
plots. The degradation mechanism was determined based on radical scavenger experiments and the dominant 
reactive species observed were superoxide radicals (O2•− ), hydroxyl radicals (•OH), and photogenerated holes 
(h+). The solution pH was found to significantly influence the initial adsorption of methyl orange onto the 
catalyst surface, thereby affecting the overall degradation process. Among the tested strategies, incipient wetness 
and impregnation routes emerged as promising, facile approaches for the preparation of efficient photocatalysts. 
This work highlights how synthesis methodology critically governs the physicochemical properties and photo
catalytic performance of Au/g-C3N4, offering valuable insights for the design of photocatalysts as sustainable 
materials for water purification.

1. Introduction

Recently, the utilization of visible light in green technologies has 
gained increasing attention as a sustainable strategy to tackle environ
mental challenges and energy shortages. Photocatalysis driven by visible 
light, particularly employing semiconductor materials, has emerged as 
an efficient approach for renewable energy generation and environ
mental remediation [1,2]. In this process, semiconductors absorb pho
tons to generate charge carriers that participate in redox reactions, 
enabling hydrogen production from water and the degradation of 
organic pollutants [3]. A wide range of semiconductors—including 
TiO2, ZnO, CoS, perovskites ABO3 (e.g., BiFeO3, BaTiO3, SrTiO3), and 
ABO4 compounds (e.g., ZnWO4, SnWO4)—have been investigated for 
such applications [4,5]. However, many of these possess wide band gaps 
(>3.2 eV), restricting absorption mainly to the ultraviolet region, which 

accounts for less than 4% of the solar spectrum [6]. This limitation has 
motivated the search for narrower band-gap materials capable of more 
effectively harnessing visible light [4]. Among the promising candi
dates, graphitic carbon nitride (g-C3N4), an organic semiconductor, has 
recently attracted significant attention due to its visible-light activity, 
low cost, and environmental stability [1,2,4,7]. It can be synthesised 
from abundant nitrogen-rich precursors (cyanamide, melamine, 
dicyandiamide, urea, or thiourea) via thermal polymerization, forming a 
polymeric material with graphitic stacking of C3N4 layers constructed 
from tri-s-triazine units linked by planar amino groups (Fig. 1) [7–9].

Graphitic carbon nitride possesses a suitable bandgap of 2.7 eV 
(460 nm) for visible light response, a high heat resistance temperature of 
up to 600 ◦C, high chemical stability during photocatalysis in aqueous 
solutions, and is characterized by strong covalent bonds between carbon 
and nitrogen atoms [10]. Additionally, it is nontoxic and can be 
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fabricated from different precursors using simple, cost-effective syn
thesis methods [10]. Despite these advantages, pure g-C3N4 exhibits 
drawbacks such as facile electron–hole recombination, low surface area, 
and low quantum efficiency [11]. To overcome these limitations and 
enhance the photocatalytic efficiency of g-C3N4, it is imperative to 
reduce the recombination rate between electrons and holes, increase the 
surface area, and broaden the absorbed light region. One promising 
approach to improve the photocatalytic performance of g-C3N4 involves 
creating composite materials by combining g-C3N4 with precious metals 
such as Au and Ag, a strategy that has yielded positive results [2,11]. The 
addition of Au and Ag nanoparticles on the surface of g-C3N4 enhance 
the separation of electron–hole pairs, acting as electron traps to prevent 
electron–hole pair recombination and thereby improving photocatalytic 
efficiency [12–14].

To date, various chemical reduction methods have been employed to 
load noble metal nanoparticles (NPs) onto the surface of g-C3N4 nano
materials [12,15]. However, the majority of noble/g-C3N4 composites 
were effectively synthesised with the aid of surfactants, chemical 
reducing agents or under photoreduction [9,16,17]. Methyl orange 
(MO) was selected as a model organic pollutant due to its widespread 
use as an azo dye in textile and printing industries and its persistence in 
aquatic environments [18]. Azo dyes represent one of the largest classes 
of industrial colorants discharged into wastewater and are resistant to 
conventional treatment processes [18]. Therefore, the photocatalytic 
degradation of MO serves as a representative reaction to evaluate the 
potential of visible-light photocatalysts for sustainable water remedia
tion and as this is a widely studied reaction it can be used to benchmark 
the performance of our catalysts.

In this study, different synthesis techniques were investigated to 
prepare 1 wt% Au/g-C3N4 materials, which were evaluated as catalysts 
for methyl orange (MO) degradation. It was found that the simple and 
scalable incipient wetness method, which does not require a sacrificial 
reducing agent or high temperature post treatment, delivered superior 
photocatalytic performance compared to methods involving the addi
tion of a sacrificial reducing agent.

2. Experimental

2.1. Catalyst preparation

All chemical reagents were analytical grade and used without further 
purification, with a full list given in Table S1. Deionized (DI) water was 

used throughout for all the experiments.

2.1.1. Synthesis of bare (g-C3N4)
Bulk g-C3N4 was prepared by placing 30 g of urea in an alumina 

crucible with a lid and calcining in a muffle furnace, at 550 ◦C for 3 h 
with a heating rate of 3 ◦C min− 1.

2.1.2. Synthesis methods for producing 0.2 g of 1 wt% Au/g-C3N4

2.1.2.1. Incipient wetness (IW) method. DI water was added dropwise to 
0.198 g of g-C3N4 until a consistency paste was obtained, followed by the 
addition of 161.2 μL of aqueous HAuCl4 solution (12.4 g L− 1). The 
resulting paste was then dried in air at 90 ◦C for 18 h. The obtained 
catalyst was ground in a pestle and mortar before use.

2.1.2.2. Washed incipient wetness (WIW) method. DI water was added 
dropwise to 0.198 g of g-C3N4 until a paste like consistency was ach
ieved, followed by the addition of 161.2 μL of aqueous HAuCl4 solution 
(12.4 g L− 1). The resulting paste was then dried in air at 90 ◦C for 18 h. 
The next day, the catalyst was washed twice with 20 mL deionized 
water, followed by one wash with 20 mL ethanol, and then dried in air at 
90 ◦C for 16 h. The obtained catalyst was ground in a pestle and mortar 
before use.

2.1.2.3. Impregnation (Im) method. 0.198 g of g-C3N4 was dispersed in 
20 mL DI water and left under ultrasonication for 1 h at room temper
ature. 161.2 μL of HAuCl4 solution (12.4 g L− 1) was then added and the 
suspension was stirred at room temperature for 18 h. The sample was 
then centrifuged (4350 rpm) for 30 min, to collect the solid phase. The 
catalyst was then washed twice with 20 mL deionized water, followed by 
one wash with 20 mL ethanol, and then dried in air at 90 ◦C for 16 h. The 
obtained catalyst was ground in a pestle and mortar before use.

2.1.2.4. Impregnation with reducing agent (RA) method. 0.198 g of g- 
C3N4 was dispersed in 20 mL of DI water and ultrasonicated for 1 h at 
room temperature. 161.2 μL of HAuCl4 solution was then added and the 
suspension was stirred at room temperature for 15 min. A NaBH4 solu
tion (0.1 mol L− 1) was freshly prepared in an ice bath (0-4 ◦C) to 
minimize decomposition and maintain reducing capacity and used as 
the reducing agent, with a NaBH4/metal molar ratio of 5. Subsequently, 
0.5 mL of the NaBH4 solution was rapidly injected into the suspension, 

Fig. 1. Molecular structures of g-C3N4 precursors along with their thermal polycondensation temperatures, illustrating triazine and tri-s-triazine as possible g-C3N4 
allotropes. Original figure with structural information adapted from Refs. [7–9].
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which was then stirred for 2 h. The sample was then centrifuged 
(4350 rpm) for 30 min, to collect the solid phase. The catalyst was then 
washed twice with 20 mL deionized water, followed by one wash with 
20 mL ethanol, and then dried in air at 90 ◦C for 16 h. The obtained 
catalyst was ground in a pestle and mortar before use.

2.1.2.5. Sol immobilisation (SIm) method. 161.2 μL of HAuCl4 solution 
was dispersed in 20 mL of DI water under vigorous stirring at room 
temperature. Then, 0.26 mL of polyvinyl alcohol (PVA) (1 wt%) was 
added to give a PVA/metal molar ratio of 1.3 and the resulting sus
pension was stirred for 15 min. A freshly prepared NaBH4 solution 
(0.1 mol L− 1, prepared in an ice bath) was used as the reducing agent, 
with a NaBH4/Au molar ratio of 5. Subsequently, 0.5 mL of the NaBH4 
solution was rapidly injected into the suspension, which was then stirred 
for 30 min before the addition of g-C3N4 (0.198 g). The suspension was 
then filtered under vacuum and washed with deionized water (20 mL) 
and then dried 16 h at 90 ◦C. The obtained catalyst was ground in a 
pestle and mortar before use.

2.2. Materials characterisation

The crystalline phases of the prepared materials were examined by X- 
ray diffraction (XRD) using a PANalytical X'Pert Pro powder diffrac
tometer operated at 40 kV and 40 mA with Cu Kα radiation (λ = 1.54 Å) 
and a Ge (111) single crystal monochromator. Phase identification was 
carried out with reference to the International Centre for Diffraction 
Data (ICDD) database.

Transmission electron microscopy (TEM) was performed on a JEOL 
JEM-2100 microscope operating at 200 kV. Samples were prepared by 
dispersing powders onto 300-mesh copper grids coated with a holey 
carbon film.

The textural properties were evaluated by N2 adsorption–desorption 
isotherms collected on a Quantachrome Nova 2200 E analyzer. Surface 
areas were calculated using the Brunauer–Emmett–Teller (BET) model. 
Prior to measurements, samples were dried at 150 ◦C for 2 h and sub
sequently outgassed under vacuum.

The surface chemical composition was investigated by X-ray photo
electron spectroscopy (XPS) using a Thermo Fisher Scientific K-Alpha+

spectrometer with monochromatic Al Kα radiation (72 W, 
6 mA × 12 kV) and operated in 400 μm spot mode (analysis area ca. 
400 × 600 μm), with a reference C 1s binding energy of 285 eV. Surface 
atomic concentrations were determined from transmission-corrected 
spectra using Scofield sensitivity factors and electron inelastic mean 
free paths calculated using the TPP-2M model, following Shirley back
ground subtraction.

The bulk Au content of the samples was quantified by microwave 
plasma–atomic emission spectroscopy (MP-AES) using an Agilent 
4200 MP-AES system. Prior to analysis, 50 mg of catalyst was digested in 
5 mL of aqua regia for 24 h, followed by dilution to a metal concen
tration of ~10 ppm. The Au loading was expressed as weight percent 
(wt.%).

To investigate potential Au leaching from the support, the post- 
reaction solution was analyzed by ICP-MS using an Agilent 7900 in
strument. Prior to ICP-MS analysis, samples were digested in aqua regia.

The optical absorption properties were characterized using a CARY 
4000 UV–Vis spectrophotometer fitted with a Harrick Praying Mantis 
diffuse reflectance attachment. Measurements were recorded over the 
range of 200–800 nm, with BaSO4 (99.998%, Sigma Aldrich) serving as 
the reflectance standard.

Photoluminescence (PL) spectra were recorded on an F98 fluores
cence spectrophotometer (Shanghai Lengguang Technology Co.) at an 
excitation wavelength of 350 nm.

Photoelectrochemical measurements were conducted using a Bio
Logic SP-150 potentiostat analyzer with a three-electrode configuration. 
Further experimental details are provided in the supplementary 

information.

2.3. Evaluation of photocatalytic performance

MO photodegradation was carried out in a photoreactor under 
visible light with wavelengths in the range 400–700 nm, using a SOLIS- 
3C actual-power LED lamp (Thorlabs, 68 mW cm− 2). In a typical 
experiment, 25 mg of catalyst was suspended in 50 mL of MO solution 
(10 mg L− 1) to give a catalyst concentration of 500 mg L− 1. Before the 
photocatalytic degradation the solution was kept in the dark under 
sonication for 15 min to reach the adsorption-desorption equilibrium. 
The solution was then exposed to the light under magnetic stirring 
(350 rpm) at room temperature. At defined timepoints, 1 mL of the so
lution was collected, and passed through a 0.45 μm pore size syringe 
filter before analysis. The absorbance was measured at 464 nm using a 
UV-Vis Spectrophotometer (Agilent Technologies) in the range 
200–800 nm and compared to a calibration curve.

The photocatalytic efficiency of each tested catalyst was estimated 
by using the following equation: 

Degradation Efficiency (%) = [1- (Ct/C0)] × 100 (1) 

Where C0 and Ct represent the initial and remaining concentration of the 
dye at time of exposure t.

3. Results and discussion

3.1. Characterization of materials

Following synthesis, the physiochemical properties of the Au/g-C3N4 
catalysts were determined using several complimentary techniques. The 
surface area and the Au loading of the synthesised g-C3N4-based pho
tocatalysts was measured by ICP-MS and shown in Table 1.

The specific surface areas of the unmodified g-C3N4 and the Au- 
loaded catalysts are summarized in Table 1 with the full isotherms 
and pore size distributions shown in Fig. S1 and Table S2. Pristine g- 
C3N4 exhibited a surface area of 39 ± 3 m2 g− 1, which is consistent with 
literature values for bulk carbon nitride prepared via thermal poly
merization [19]. Upon gold deposition, all catalysts displayed surface 
areas of 45–50 m2 g− 1, indicating the minimal influence of the Au 
loading (1 wt%) and preparation method on the g-C3N4 surface area. 
Although the nominal gold loading was fixed at 1.0 wt% across all 
synthetic routes, ICP-MS analysis revealed small variations in the actual 
loadings, reflecting differences in gold deposition efficiency among the 
methods. The incipient wetness (IW) catalyst and the sol immobilisation 
(Sim) catalyst both closely matched the intended loading. The high Au 
loading obtained with the incipient wetness impregnation method is 
typical as the low volume of water allows all of the gold to be deposited 
on the support and does not include a washing step that can remove the 
metal. The other methodologies rely on favourable interactions between 
the precursors in solution and the g-C3N4 to deposit them on the support. 
Although this was successful in giving a high loading of gold in the SIm 
catalyst, the impregnation (Im) catalyst and the catalyst prepared with 
the addition of a reducing agent (RA) displayed somewhat reduced Au 

Table 1 
Specific surface area, determined by BET of g-C3N4-based photocatalysts, and Au 
actual loading determined by ICP-MS of the AR-digested samples for 1 wt% Au/ 
g-C3N4.

Sample 
Name

BET specific surface area 
(m2 g− 1)

Nominal Loading 
(wt%)

Actual loading 
(wt%)

g-C3N4 39 ± 3 - -
IW 45 ± 2 1.0 1.05 ± 0.05
Im 48 + 4 1.0 0.90 ± 0.11
RA 46 + 2 1.0 0.85 ± 0.16
SIm 45 ± 1 1.0 0.99 ± 0.05
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contents, at 0.90 ± 0.11 wt% and 0.85 ± 0.16 wt%, respectively. These 
deviations are likely to be due to incomplete adsorption of the Au pre
cursor from the solution or partial loss during the washing and reduction 
steps associated with these methods. These results highlight that while 
all four deposition routes yielded Au/g-C3N4 catalysts with similar 
textural properties, their efficiency in incorporating gold varied, con
firming that the deposition method significantly affects metal retention.

Fig. 2 shows the TEM images and particle size distributions of the 
Au/g-C3N4 catalysts prepared by the different deposition methods. All 
samples display thin g-C3N4 layers supporting Au nanoparticles (NPs). 
The IW and Im catalysts (Fig. 2a and b) exhibit uniformly dispersed Au 
NPs with mean diameters of 2.5 ± 0.2 nm and 2.3 ± 0.1 nm, respec
tively. In contrast, the RA method using NaBH4 produced significantly 
larger Au particles, with a mean size of 12.5 ± 0.8 nm (Fig. 2c). For the 
SIm catalyst (Fig. 2d), Au nanoparticles were homogeneously distrib
uted across g-C3N4 with a moderate mean size of 4.5 ± 0.2 nm, attrib
uted to the stabilising effect of polyvinyl alcohol (PVA) prior to NaBH4 
reduction. These results clearly demonstrate that the deposition route 
has a pronounced influence on both the size and loading of Au nano
particles. While IW and Im methods favour the formation of small 
nanoparticles with a narrow particle size distribution, RA leads to un
controlled growth of larger particles, and SIm achieves intermediate 
particle sizes with uniform dispersion due to the presence of a stabiliser.

X-ray diffraction patterns of the synthesised catalysts are shown in 
Fig. 3. All the samples exhibit diffraction peaks at around 12.8◦ and 
27.5◦, associated with the (001) and (002) planes of the g-C3N4, ac
cording to the JCPDS card No. 87-1526 [17]. The (001) plane is asso
ciated with the repetitive in-planar tris-s-triazine structured packing 
(heptazine units), while the (002) plane corresponds to the interlayer 
stacking of the heptazine network, as shown in Fig. 3a [20]. A detailed 
examination of the XRD patterns within the 2θ angle range of 22–36◦

provided further insights into the (002) peak diffraction of g-C3N4 
(Fig. 3b). The IW and Im catalysts displayed reduced 2θ values (27.2◦) 
compared to bare g-C3N4 (27.71◦). Using Bragg's equation (nλ =

2d sin θ, where λ = 1.54 Å for Cu Kα radiation), the interlayer d-spacing 
was calculated to increase from 0.32 to 0.33 nm (Δ d ≈ 0.01 nm) [21]. 
Given that this expansion is insufficient to accommodate the ~2 nm Au 
nanoparticles observed by TEM, the peak shift may more reasonably be 
attributed to local structural distortion and partial disruption of the π–π 

stacked g-C3N4 layers induced by ultrasmall Au clusters (<0.5 nm) or 
atomically dispersed Au (below the detection limit of conventional 
TEM) [21,22]. The diffraction angle 2θ of 33–80◦ (Fig. 3c) shows the 
presence of Au on the g-C3N4 for the RA and SIm catalysts. The catalyst 
prepared by RA, exhibits typical peaks of Au crystals with peaks at 38.2◦

and 44.6◦, which are indexed to the (111), and (200) planes, respec
tively, according to the JCPDS No. 4-0783. Similarly, the SIm catalyst 
displays the same peaks, though with broader profiles. These peaks 
confirm the face-centred cubic (FCC) structure of the Au NPs [23]. 
Notably, no Au diffraction peaks were detected for IW and Im catalysts 
due to ultrasmall Au species (<0.5 nm and ~2 nm by TEM, below XRD 
detection limit of ~3-5 nm) and their high dispersion and possible 
subsurface or defect-associated distribution within the g-C3N4 frame
work [21,22,24].

X-ray photoelectron spectroscopy (XPS) measurements were per
formed to investigate the chemical states of carbon, nitrogen, and oxy
gen on the g-C3N4 and Au/g-C3N4 catalysts. All spectra were calibrated 
using the C–C peak at 285.0 eV as the reference. As shown in Fig. 4a, the 
XPS survey spectra confirm the presence of C, N, and O, with no addi
tional impurity signals were detected. A very weak O 1s peak at ~530 eV 
is observed, attributed to surface-adsorbed oxygen species, due to 
adsorbed H2O or O2 from the atmosphere [25]. The N 1s high-resolution 
spectra (Fig. 4b) exhibit three distinct peaks. The dominant peak at 
398.66 eV is assigned to the –C=N– bonded nitrogen atom in the triazine 
ring. Two additional components at 400.33 eV and 404.5 eV are 
attributed to nitrogen atoms bonded to three-carbon atoms ([N–(C)3]), 
C=N–C structures, amino groups, and π-excitation. Comparatively, all 
Au-loaded samples show a reduction in the intensity of the 398.8 eV 
peak, which may indicate, partial disruption of the g-C3N4 framework 
due to Au nanoparticle interaction, which is most pronounced for the 
SIm catalyst, indicating surface coverage by PVA (used in SIm synthe
sis), may block or alter N-rich sites [15,26,27]. On the C 1s 
high-resolution spectra of g-C3N4 and Au/g-C3N4 samples (Fig. 4c), the 
two peaks at ~288.36 and 285.0 eV, correspond to the N–C=N bonds of 
g-C3N4 backbone, and to C–C bonds of the adventitious carbon, 
respectively. The satellite structure of these rings give rise to a second 
feature, centred around 293.2 eV. A decrease in the N-C=N intensity was 
observed for the catalysts following Au addition, which is probably due 
to the interaction of the Au NPs, that can alter the electronic 

Fig. 2. Representative TEM images and corresponding particle size distributions for the 1 wt% Au/g-C3N4 samples synthesised using different preparation tech
niques. Key: IW = incipient wetness, Im = impregnation, RA = impregnation in the presence of a reducing agent; SIm = Sol immobilisation.
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environment of the g-C3N4 support. This decrease became particularly 
pronounced in the SIm catalyst, probably due to a combination of sur
face coverage by residual PVA, blockage of surface sites by Au NPs, and 

potential modifications to the surface chemistry or morphology of 
g-C3N4 [28,29]. Together, these changes in the N 1s and C 1s regions 
support the idea that modification with Au, especially via the SIm 

Fig. 3. XRD diffraction patterns of: (a) the 1 wt% Au/g-C3N4 samples synthesised using different preparation techniques compared to the unmodified g-C3N4; (b) the 
enlarged view of the g-C3N4 (002) peak; and (c) the XRD patterns from 33◦ to 80◦ showing the (111) and (200) reflections Au nanoparticles. Key: IW = incipient 
wetness, Im = impregnation, RA = impregnation in the presence of a reducing agent; SIm = Sol immobilisation.

Fig. 4. XPS spectra of g-C3N4 and the synthesised 1 wt% Au/g-C3N4 catalysts: (a) Survey spectra; (b) High-resolution C 1s; (c) High resolution N 1s spectra; (d) Au 
4f spectra.
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methodology, alters the electronic environment and surface chemistry 
of g-C3N4.

Fig. 4d shows the high-resolution Au 4f spectra for all Au/g-C3N4 
catalysts, confirming the coexistence of metallic Au0 and Au3+ species in 
each sample. The calculated atomic ratio of Au0/Au3+ is comparable 
across all catalysts (Table S3).

For the IW and Im samples, the Au 4f7/2 and Au 4f5/2 peaks are 
centred at 84.85 eV and 88.58 eV, respectively. The higher binding 
energies are attributed to the small Au particle size (~2 nm) and strong 
metal-support interactions [30–32]. The weak Au signal observed by 
XPS (Fig. 4d and Table S3), despite high bulk Au loading obtained from 
ICP-MS analysis (Table 1), could reflect the surface sensitivity of XPS 
(~5–10 nm probing depth) and suggests that a significant fraction of Au 
exists as highly dispersed ultrasmall species (<0.5 nm), possibly asso
ciated with defect or interfacial regions of g-C3N4 layers [33]. Addi
tionally, larger Au nanoparticles (~2 nm observed by TEM and 
detectable by XPS) appear to be located on the external surface of 
g-C3N4. The slight increase in interlayer d-spacing (Δ d ≈ 0.01 nm) 
observed by XRD is consistent with local structural distortion, which 
may be indicative of the presence of sub-nanometric species, although 
other explanations cannot be excluded. Interestingly, the presence of 
Au0 in IW and Im samples, despite the absence of added reducing agents, 
indicates the spontaneous in situ reduction of Au3+ occurs via nitrogen 
sites in g-C3N4.

Based on the collected data, a plausible formation mechanism for the 
IW and Im catalysts may be proposed as follows. During preparation, the 
positively charged Au3+ species are likely to be electrostatically 
attracted toward the negatively charged nitrogen-rich sites of g-C3N4. 
The lone pair of electrons on these nitrogen atoms can also serve as 
electron donors, facilitating the spontaneous in-situ reduction of Au3+ to 
Au0 under the synthesis conditions, which is thermodynamically 
reasonable given the highly positive standard reduction potential of the 
Au3+/Au0 couple (E0 = +1.50 V vs. NHE) and may account for the 
formation of ultrasmall Au0 clusters (<0.5 nm). In the absence of harsh 
thermal treatment, the mobility of Au species is expected to be limited, 
and nucleation is tentatively proposed to occur preferentially at surface 
defect sites or near adjacent g-C3N4 layers, consistent with the slight 
increase in interlayer d-spacing observed by XRD. Limited coalescence 
of neighbouring clusters could subsequently lead to the formation of 
~2 nm nanoparticles as observed by TEM, while Au–N coordination 
interactions may contribute to stabilising the smaller species and sup
pressing extensive aggregation. However, further direct characterisation 
such as EXAFS, in situ XRD, or aberration-corrected HAADF-STEM would 
be needed to confirm this proposed mechanism.

In contrast, the RA and SIm catalysts show more intense and distinct 
Au 4f signals, with Au0 4f7/2 peaks at 83.09 eV (RA) and 84.15 eV (SIm), 
and corresponding 4f5/2 peaks at 86.73 eV and 87.54 eV, respectively. 
These lower binding energy values are characteristic of larger, surface- 
exposed metallic Au nanoparticles that exhibit weaker metal-support 
interactions and more bulk-like Au behaviour [13,30–32,34]. The 
significantly stronger Au 4f signal intensities confirm the presence of 
more surface-accessible Au species [32,34]. The binding energy trend 
strongly correlates with the particle size distribution observed via TEM, 
clearly demonstrating that larger Au nanoparticles exhibit lower binding 
energy positions.

The optical properties of the catalysts were investigated by UV–Vis 
diffuse reflectance spectroscopy (DRS) (Fig. 5a). All the samples 
exhibited an absorption edge at around 450 nm, attributed to the π–π* 
transitions of the heptazine units, indicating their sensitivity to visible 
light [35]. Incorporation of Au did not significantly shift the absorption 
edge of g-C3N4. However, the RA and SIm catalysts showed enhanced 
absorption in the visible region with a broad band centred at 
520–530 nm, characteristic of the localized surface plasmon resonance 
(SPR) of metallic Au nanoparticles which also leads to a change in the 
colour of the catalysts (Fig. S2) [36]. This plasmonic feature originates 
from the collective oscillation of conduction band electrons under 
visible-light excitation [37]. In the IW and Im catalysts, the distinct 
SPR-related absorption was absent, consistent with the presence of ul
trasmall Au species that are below the critical size required to sustain 
collective plasmon oscillations [38]. Their spectra instead closely 
resembled that of the unmodified g-C3N4, with only a minor increase in 
baseline absorbance that is due to light scattering [39].

The corresponding Tauc plots (Fig. 5b) revealed the calculated band 
gap energies (see SI) of 2.78 eV for pristine g-C3N4, IW, and Im, 2.76 eV 
for SIm, and 2.74 eV for RA. The band gap (Eg) values for the composite 
samples showed a minimal variation compared to the unmodified g- 
C3N4.

3.2. Catalytic performance evaluation against MO degradation

The photocatalytic performances of the as prepared photocatalysts 
are reported in Fig. 6. The absorption spectrum was recorded at regular 
intervals throughout the reaction (Fig. S4), and the decomposition of 
MO was estimated from the decrease in the MO absorbance peak.

To achieve an equilibrium adsorption state and evaluate the 
adsorption ability of the catalysts, prior to the reaction the MO 
adsorption under sonication was carried out in the dark for 15 min. From 
Fig. 6, it can be observed that the catalysts exhibit different adsorption 

Fig. 5. UV–Vis spectroscopy analysis of g-C3N4 and 1 wt% Au/g-C3N4 catalysts synthesised by different methods: (a) Diffuse reflectance UV-Vis spectra; (b) Tauc 
plots to determine the band gap energy.
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properties with about 40% adsorption for the IW catalyst and lower 
adsorption of 10-16% for the other materials. From Fig. 6a, which shows 
the activity in the dark, after reaching the adsorption/desorption equi
librium, the change in MO signal was not significantly different over the 
course of their reaction. This demonstrates that the reaction does not 
occur in the dark and that the adsorption of MO has reached equilibrium 
after 15 min. Fig. 6b shows the photocatalytic activity under visible 
light. After 15 min sonication in the dark the light was turned on and the 
MO absorbance measured at 30 min intervals to determine the photo
catalytic activity. The IW and Im photocatalysts show significantly 
higher MO degradation than the RA and SIm catalysts and the unmod
ified g-C3N4 sample. The highest photocatalytic efficiency was found 
with the 1 wt% Au/g-C3N4 prepared by impregnation and incipient 
wetness with both showing a degradation efficiency of around 98.5% 
after 180 min. The unmodified g-C3N4 and the RA catalyst both achieved 
around 60% MO degradation, while the catalyst prepared by SIm was 
found to have the lowest activity, achieving just 22% conversion, 
considerably lower than the unmodified g-C3N4.

While the comprehensive characterisation data provide a logical 
basis for the superior photocatalytic activity of the Im and IW catalysts, 
several observations prompt further investigation. Notably, the higher 
adsorption capacity of the IW catalyst and the rapid onset of photo
catalytic activity in both IW and Im samples imply that additional 
mechanisms may be involved. Three hypotheses can be proposed: (i) the 
elevated activity of Im and IW may be related to the leaching of Au3+

species from the catalyst surface; (ii) the adsorption of MO on IW could 
be influenced by surface impurities, as this sample did not undergo 
additional treatments such as washing or calcination; (iii) the enhanced 
performance of IW and Im may arise from sub-surface or intercalated 
ultrasmall Au species, which could facilitate more effective charge 
separation or induce internal electric fields within the g-C3N4 structure. 
Further experiments were carried out as described below to test these 
hypotheses.

Although the IW and Im catalysts were synthesised without the use of 
external reducing agents, TEM analysis confirmed the presence of Au 
nanoparticles on the g-C3N4 surface, suggesting there is an in-situ 
reduction of the Au3+ precursor to metallic Au0, potentially facilitated 
by the electron-rich support. However, XPS analysis indicated the 
presence of residual Au3+ species, implying incomplete reduction and 
the coexistence of both oxidation states (Fig. 4, Table S3). These ob
servations led to two working hypotheses: (i) the high photocatalytic 
activity may result from a synergistic effect between Au0 and Au3+; and 

(ii) partial leaching of Au3+ during the reaction may contribute to ho
mogeneous catalytic degradation. To evaluate these possibilities, addi
tional control experiments was conducted.

A set of experiments was designed to evaluate the photocatalytic 
activity of Au3+ ions in solution, using HAuCl4⋅3H2O as the homoge
neous gold source, both in the absence and presence of g-C3N4 under 
visible light irradiation for 180 min (Fig. 7). The amount of Au3+

introduced into the solution stoichiometrically matched the gold con
tent in the solid Au/g-C3N4 catalysts (IW and Im), corresponding to the 
amount of Au in 25 mg of catalyst (i.e., 40.3 μL of a 12.4 mg mL− 1 

HAuCl4⋅3H2O solution).
Fig. 7 shows the photocatalytic degradation of MO under visible light 

irradiation under different test conditions. In the absence of a catalyst 
(photolysis), no measurable MO conversion was observed, confirming 
the photostability of the dye under the applied illumination. The ho
mogeneous solution containing HAuCl4 also exhibited no activity, with 

Fig. 6. Photocatalytic MO conversion versus the irritation time for g-C3N4 and the Au/g-C3N4 samples: (a) in the dark; (b) under vis-light irradiation. Reaction 
conditions: [MO]0 = 10 mg L− 1; solution volume = 50 mL; catalyst dosage = 25 mg; room temperature; open air; stirring at 350 rpm; light source: 420 < λ < 700 nm, 
intensity = 68 mW cm− 2. Prior to reaction, the suspension was sonicated for 15 min.

Fig. 7. MO Degradation efficiency under visible light. Reaction conditions: 
[MO]0 = 10 mg L− 1; solution volume = 50 mL; catalyst dosage = 25 mg; room 
temperature; open air; stirring at 350 rpm; light source: 420 < λ < 700 nm, 
intensity = 68 mW cm− 2. Prior to reaction, the suspension was sonicated 
for 15 min.
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MO conversion remaining constant over the full 180 min period, indi
cating that Au3+ ions alone do not contribute significantly to photo
catalytic degradation under these conditions. When g-C3N4 was used as 
the photocatalyst, the MO conversion reached 59.5% after 180 min, 
demonstrating moderate photocatalytic activity. In the presence of both 
HAuCl4 and g-C3N4, the conversion increased to 78.5% (HAuCl4 + g- 
C3N4), which initially appeared to suggest enhanced performance. 
However, this apparent improvement was largely due to a strong in
crease in the initial MO adsorption induced by the Au precursor. After 
correcting this non-photocatalytic contribution (Fig. 7, HAuCl4 + g- 
C3N4 - adsorption), the net photocatalytic activity of the HAuCl4/g-C3N4 
mixture was comparable to that of g-C3N4 alone, while the IW, and Im 
exhibited a markedly superior performance, achieving full MO conver
sion after 180 min. This suggests that Au3+, whether alone or in com
bination with g-C3N4, did not account for the high photocatalytic 
activity observed in the Au/g-C3N4 catalysts.

To determine if Au3+ leached from the catalyst, the reaction solution 
was analyzed by ICP-MS following the reaction, and the data are re
ported in Table 2.

The results reveal a low presence of Au3+ in the post-reaction media, 
with 0.0146 and 0.0314 ppm present in the solution for the catalysts 
prepared respectively by IW and Im. To test whether these species 
contributed to the activity, blank reactions were run with these con
centrations of Au3+ added to the reaction mixture (Fig. S5). No con
version of MO was found at the detected leaching concentrations for IW 
and Im catalysts during the irradiation time, indicating that the Au3+

leaching from the catalysts had no effect on methyl orange degradation.
Parameters that could affect MO adsorption were investigated and 

compared using the IW and Im catalysts in the dark. A plot of MO 
conversion with time-on-line showed that there was a high initial 
adsorption when HAuCl4 and a mixture of g-C3N4 + HAuCl4 were added 
to the MO which was comparable to the adsorption observed previously 
for the IW catalyst (Fig. S6). As HAuCl4 was found to increase the 
adsorption of MO in the presence of g-C3N4, additional experiments 
were carried out to investigate the role of protons and chloride ions on 
the decrease in MO signal, observed in the UV-Vis spectra, by adding HCl 
and NaCl with the g-C3N4 and the results are shown in Fig. 8a. As 
observed in Fig. 8a and Table 3, there was an adsorption of around 46% 
when HAuCl4.3H2O was added, with and without g-C3N4, whereas MO 
adsorption was about 10% with g-C3N4 alone, which confirms that the 
presence of HAuCl4.3H2O influences the adsorption. The addition of 
NaCl to the solution did not affect the adsorption, ruling out chloride ion 
involvement in the process. However, HCl addition led to increased MO 
adsorption (37%), suggesting that the pH of the solution, rather than 
chloride ions, was responsible for the enhanced adsorption. To test this 
hypothesis, the pH of the MO solution was measured and compared to 
the pH with the different additives following the sonication step in the 
dark and the measured pH was plotted against the amount of MO 
adsorption (Fig. 8b).

As it can be seen from Fig. 8b, the pH has a strong influence on MO 
adsorption, with the adsorption increasing as the pH is lowered. Ac
cording to a related study, the adsorption of methyl orange onto a 
catalyst surface is subject to modulation by the pH of the medium, as the 
adsorption process is intricately linked to both the charge of the catalyst 
surface and the charge of the dye molecule [40]. At lower pH levels, the 
catalyst surface acquires a positive charge, attracting the negatively 
charged methyl orange molecules, resulting in an high adsorption. 
Conversely, at higher pH levels, the catalyst surface becomes negatively 

charged, leading to repulsion of the negatively charged methyl orange 
molecules and consequently a reduction in adsorption [40,41].

In this study, the IW synthesis methodology using HAuCl4 does not 
have a washing step, leaving residual acid in the catalyst that can 
dissolve into the MO solution leading to a decrease in the pH during the 
reaction. To assess the impact of surface-adsorbed species on catalytic 
activity, the IW catalyst was rigorously washed with deionized water 
and ethanol to remove any residual acid left on the catalyst after the 
synthesis The resulting material, referred to as WIW, was subsequently 
evaluated for its catalytic performance (Fig. 9).

The washing step was found to significantly reduce MO adsorption 
on the catalyst surface after 15 min sonication in the dark. Interestingly, 
despite this reduction in adsorption, the photocatalytic activity of the 
washed catalyst remained high and comparable to the Im catalyst, 
achieving an MO degradation of approximately 98.9% after 180 min. 
Furthermore, ICP-MS analysis revealed that the WIW catalyst contained 
0.90 ± 0.05 wt% of gold, closely aligning with the intended loading. 
This result demonstrates negligible gold loss during washing, confirming 
that Au0 species remain securely anchored to the g-C3N4 support 
through strong metal–support interactions, probably arising from Au–N 
coordination at defect sites and favourable electrostatic interactions.

3.3. Charge carrier dynamics in IW and Im catalysts

With control experiments confirming that the enhanced photo
catalytic activity of the IW and Im catalysts was not attributable to re
sidual Au3+ species, and the unusually high MO adsorption on the IW 
sample resolved through washing, the role of charge carrier dynamics 
was explored as good photocatalysts are expected to have a high charge 
transfer rate and a low recombination rate of photoexcited holes and 
electrons [42,43]. It is hypothesised that the bimodal Au distribution 
(ultrasmall species and surface-bound nanoparticles) collectively en
hances photocatalytic activity by facilitating electron trapping, sup
pressing charge recombination, and promoting local charge 
redistribution within the g-C3N4 framework. To investigate this process, 
photoluminescence (PL), photocurrent response and electrochemical 
impedance spectroscopy (EIS) Nyquist plots were used to investigate the 
generation of electron-hole pairs under light irradiation, charge carrier 
recombination effect and charge transfer resistance.

PL was performed to determine the recombination rate of photo
generated electron–hole pairs in the catalysts. Fig. 10 shows the PL 
spectra of g-C3N4, WIW and Im catalysts and the peak intensity reflects 
the recombination rate of photoexcited holes and electrons. Under 
excitation at 350 nm, all samples exhibited an emission peak at 
~460 nm. Pristine g-C3N4 showed higher PL intensity than the Au/g- 
C3N4 materials. The reduced intensities observed for the IW and Im 
catalysts, by approximately 24% and 35%, respectively, indicate sup
pressed radiative recombination of photogenerated charge carriers. This 
behaviour suggests enhanced interfacial charge separation and electron 
transfer across the Au/g-C3N4 interface [36].

Fig. 11a shows the photocurrent responses for g-C3N4 and Im for four 
light-on/light-off cycles under irradiation of visible light. Both the WIW 
and Im catalysts displayed photocurrent densities of ~0.10–0.11 μA, 
which are approximately 2.7 times higher than that of g-C3N4 
(~0.04 μA), indicating improved charge separation and transport effi
ciency. While the photocurrent of the unmodified g-C3N4 decreased over 
repeated on/off light cycles, both WIW and Im maintained stable signals, 
indicating improved photostability. This enhancement is attributed to 
improved interfacial charge separation at the Au/g-C3N4 interface, 
where metallic Au0 nanoparticles act as electron sinks, facilitating 
charge transfer and effectively suppressing electron–hole recombination 
without significantly altering the intrinsic band structure of g-C3N4 [36,
42–44].

EIS was employed to assess the charge transfer resistance of the 
catalysts compared to g-C3N4 (Fig. 11b). The Nyquist plots reveal that 
both WIW and Im catalysts exhibit markedly smaller semicircular arcs 

Table 2 
ICP-MS result for reaction solution after 180 min reaction time towards the 
photodegradation of MO.

Sample Name Au3+ ppm (mg L− 1) The gold leaching (%)

Au/g-C3N4 (IW) 0.0146 ± 0.0005 0.3%
Au/g-C3N4 (Im) 0.0314 ± 0.0006 0.6%
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compared to pristine g-C3N4, indicating reduced interfacial charge- 
transfer resistance. This reflects more efficient separation and trans
port of photoinduced charge carriers [36,42–44].

The combined results from PL, photocurrent response, and EIS ana
lyses confirm that Au incorporation significantly enhances charge sep
aration and interfacial electron transfer, thereby suppressing 
recombination and contributing directly to the improved photocatalytic 
performance.

3.4. Kinetic study of MO photocatalysis

To enable reliable performance comparison, photocatalytic activity 
was evaluated through kinetic analysis rather than simple degradation 

percentages. The MO degradation kinetics were fitted to a pseudo-first- 
order model, using Eq. (3) [26]. 

ln (C0 /Ct)= kt (3) 

where k is the first-order kinetic rate constant (min− 1), C0 is the initial 
pollutant concentration, and Ct is the pollutant concentration at time t. 
For visualization, the data are plotted as – ln (C0 /Ct) versus time 
(Fig. 12b), where the gradient corresponds to the rate constant k. From 
(Fig. 12b–Table S4), all samples exhibit excellent linearity (R2 > 0.95), 
confirming that the reaction follows first-order kinetics under the 
employed conditions.

The kinetic results of MO degradation (Fig. 12b–Table S4), show that 
the WIW activity was not affected by the washing step as the rate 

Fig. 8. (a) UV–vis spectra of MO solution without irradiation in the presence of different control samples, (b) pH reading of reaction medium for the controls at time 
0-min.

Table 3 
Effect of different additives on the pH and methyl orange (MO) adsorption efficiency in the dark.

MO g-C3N4 g-C3N4 + NaCl g-C3N4 + HCl HAuCl4 HAuCl4 + g-C3N4 IW Im

pH 7 6.9 6.7 5.6 5.5 5.4 5.6 7
Absorbance (%) - 9.6 ± 0.7 9.5 ± 0.5 37 ± 3.2 43 ± 4.1 46 ± 3.4 40.3 ± 5.1 13.5 ± 2.5

Fig. 9. (a) Photocatalytic MO degradation under visible light irradiation for IW, WIW, and Im samples, and (b) time-dependent UV–Vis absorption spectra during MO 
degradation using WIW catalyst. Reaction conditions: [MO]0 = 10 mg L− 1; solution volume = 50 mL; catalyst dosage = 25 mg; room temperature; open air; stirring at 
350 rpm; light source: 420 < λ < 700 nm, intensity = 68 mW cm− 2. Prior to reaction, the suspension was sonicated for 15 min.
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constant of IW (1.8 × 10− 2 min− 1) and the WIW (2.047 × 10− 2 min− 1) 
were found to be similar and, together with that of Im (2.05 × 10− 2 

min− 1), were approximately 4-fold higher than the unmodified g-C3N4 
(0.5 × 10− 2 min− 1). The ~4-fold enhancement in activity can therefore 
be attributed to the bimodal Au size distribution we propose, comprising 
ultrasmall clusters (<0.5 nm) embedded within the g-C3N4 framework 
and highly dispersed surface-exposed nanoparticles (~2 nm), which 
collectively improve charge separation and suppress recombination 
through efficient electron trapping, while maintaining excellent surface 
accessibility for interfacial MO degradation. The comparable activity of 
WIW and Im is particularly noteworthy. Despite the additional over
night stirring step in the Im preparation, prolonged contact time did not 
further enhance Au dispersion or metal-support interaction under the 
present conditions. This implies that Au deposition onto g-C3N4 is 
largely governed by electrostatic adsorption and spontaneous reduction, 
both of which proceed efficiently in either method. From a practical 
standpoint, the WIW method is therefore preferable as it achieves 
equivalent performance through a simpler and less time-consuming 
protocol. The catalyst prepared by RA exhibited a slightly lower rate 
constant (0.36 × 10− 2 min− 1) compared to unmodified g-C3N4, and this 
poorer performance could be due to the relatively large Au particle size 
in this catalyst. The SIm catalyst demonstrated the lowest activity 

(k = 0.13 × 10− 2 min− 1), even lower than g-C3N4. This can be attributed 
to the presence of PVA, which is used as a stabilising agent in the sol 
immobilisation method. Villa et al. demonstrated that PVA can sterically 
hinder access to active Au sites by physically blocking the catalyst sur
face, thereby reducing catalytic activity. In the present system, this 
steric blocking effect likely limits the accessibility of MO molecules to 
the active Au– g-C3N4 interface, contributing to the observed decrease in 
photocatalytic performance [28].

A comparison of the present Au/g-C3N4(WIW) catalyst with a range 
of recently reported Au–g-C3N4 systems (Table S5) highlights the 
effectiveness and practicality of the synthesis approach used in this 
work. Although the reported materials employ diverse preparation 
strategies, light sources, and pollutant models, the overall trends clearly 
demonstrate that many rely on higher catalyst dosages, more complex 
synthesis routes, or intensified illumination conditions to achieve high 
degradation efficiencies. In contrast, the Au/g-C3N4 catalyst synthesised 
via a simple washed incipient-wetness method delivers complete MO 
degradation under low-power LED irradiation, placing it among the 
most efficient and accessible systems listed. The combination of 
straightforward preparation, low metal loading, and strong photo
catalytic response positions this material as a state-of-the-art Au/g-C3N4 
photocatalyst, offering both high performance and practical scalability 
compared with existing literature examples. We also investigated the 
reusability of the catalysts and found that the WIW catalyst retained 
90% of the activity when used recovered and washed before being used 
in a second reaction (Fig. S11). Post reaction characterisation by XRD, 
TEM and XPS suggested that an increase in the Au particle size was the 
reason for the decrease in performance (Figs. S12–S14).

3.5. Investigation of the photocatalytic reaction mechanism

3.5.1. Radical scavenging tests
To identify the dominant radicals responsible for the photo

degradation of the MO pollutants over the 1 wt% Au/g-C3N4 catalysts, 
scavenger experiments were performed with the WIW catalyst and un
modified g-C3N4 to understand the role of the Au NPs. Potassium iodide 
(KI), tertiary butyl alcohol (TBA), and benzoquinone (pBQ) were used as 
scavengers for (h+), (•OH), and (O2

•-) respectively.
The degradation behaviour of methyl orange (MO) over the un

modified g-C3N4 and the WIW catalyst in the presence of the different 
reactive species scavengers, along with the corresponding kinetic rate 
constants is shown in Fig. 13. For g-C3N4, the addition of p-benzoqui
none (pBQ), a superoxide radical (O2

•-) scavenger, resulted in a decrease 
in MO degradation efficiency, with the rate constant dropping from 
0.5 × 10− 2 to 0.3 × 10− 2 min− 1. This modest inhibition suggests that O2

•- 

Fig. 10. Steady-state photoluminescence spectra of g-C3N4 and Au/g- 
C3N4 samples.

Fig. 11. (a) Photocurrent response over time under visible light in 0.5 M Na2SO4, and (b) Nyquist plot from electrochemical impedance spectroscopy (EIS) for g- 
C3N4, WIW, and Im catalysts.
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plays an important role in the photocatalytic activity of g-C3N4. The introduction of tert-butanol (TBA), a hydroxyl radical (•OH) scavenger, 

Fig. 12. (a) Photocatalytic degradation under vis-light irradiation for g-C3N4 and the Au/g-C3N4 catalysts; (b) their kinetic rate constants. Reaction conditions: 
[MO]0 = 10 mg L− 1; solution volume = 50 mL; catalyst dosage = 25 mg; room temperature; open air; stirring at 350 rpm; light source: 420 < λ < 700 nm, 
intensity = 68 mW cm− 2. Prior to reaction, the suspension was sonicated for 15 min.

Fig. 13. Trapping experiments for the photodegradation of MO in the presence of different scavenger reagents: (a) with g-C3N4; (b) with WIW; (c) kinetic rate 
constants for g-C3N4; (d) kinetic rate constants for WI. Reaction conditions: [MO]0 = 10 mg L− 1; solution volume = 50 mL; pH = 7; catalyst dosage = 25 mg; 
[TBA]0 = 2.0 M, and [BQ]0 = [KI]0 = 40 mM; room temperature; open air; stirring at 350 rpm; light source: 420 < λ < 700 nm, intensity = 68 mW cm− 2. Prior to 
reaction, the suspension was sonicated for 15 min.
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caused a small reduction (k = 0.45 × 10− 2 min− 1), indicating a limited 
contribution from •OH species. Notably, the presence of potassium io
dide (KI), a hole (h+) scavenger, had negligible impact on the photo
catalytic performance (k = 0.48 × 10− 2 min− 1), suggesting that 
photogenerated holes do not significantly contribute to MO degradation 
in the absence of Au. In contrast, there is a markedly different response 
for the WIW catalyst upon scavenger addition. The presence of pBQ led 
to a sharp decline in photocatalytic activity, with the rate constant 
decreasing from 2.05 × 10− 2 to 0.223 × 10− 2 min− 1, confirming the key 
role of O2

•- in the degradation process. KI also caused significant inhi
bition (k = 0.37 × 10− 2 min− 1), highlighting the enhanced involvement 
of photogenerated holes. The effect of TBA was more moderate 
(k = 0.899 × 10− 2 min− 1), indicating a secondary but non-negligible 
role for •OH radicals. A similar trend was observed for the Im catalyst 
(Fig. S8), further supporting the conclusion that the presence of small Au 
nanoparticles in g-C3N4 photocatalysts leads to increase the e− /h+ pair 
recombination time, which enables more efficient participation of both 
holes and O2

•- radicals in the photocatalytic degradation of MO. This is 
supported by PL, photocurrent, and EIS measurements.

3.5.2. Proposed photocatalytic mechanism
The proposed photocatalytic mechanism for MO degradation over 

Au/g-C3N4 (WIW and Im) is illustrated in Fig. 14 and summarized in 
Equations (4)–(8). Under visible light irradiation, g-C3N4 generates 
electron–hole pairs (Equation (4)). The photogenerated electrons, 
further facilitated by metallic Au acting as an electron sink, reduce 
surface-adsorbed oxygen to superoxide radicals (O2

•-) (Equation (5)), 
which may subsequently yield H2O2 and •OH via sequential reduction 
steps (Equations (6) and (7)). The relatively minor role of •OH is 
consistent with the valence band position of g-C3N4 (+1.63 eV, XPS, 
Fig. S9), which is insufficient to directly oxidise water to •OH 
(+2.39 eV). The generated reactive species, primarily O2

•- and h+, with a 
secondary contribution from •OH, collectively drive MO degradation 
into CO2, H2O, and other mineralisation products (Equation (8)) [45]. 

Au/g-C3N4 + hν → e- + h+ (4) 

e− + O2 → O2
•-                                                                               (5)

O2
•-+ 2H+ + e− → H2O2                                                                 (6)

H2O2 + H+ + e− → H2O + ⦁OH                                                       (7)

O2
•- +•OH + h+ + MO → intermediates → CO2 + H2O + other products 

(8)

4. Conclusions

This study demonstrates that the preparation method plays a critical 
role in controlling the structural, optical, and catalytic properties of Au/ 
g-C3N4 photocatalysts. While all catalysts contained similar Au loadings, 
their photocatalytic activities varied markedly with the preparation 
method, with distinct differences in gold nanoparticle size, dispersion, 
and metal–support interactions observed depending on the synthesis 
route. We suggest that the catalysts prepared by washed incipient 
wetness (WIW) and impregnation (Im) produced bimodal Au distribu
tions: ultrasmall species (<0.5 nm) intercalated within interlayers that 
account for the increase in stacking distance between the g-C3N4 
observed indirectly by the changes in the (002) reflection in XRD, and 
~2 nm nanoparticles on surfaces, as confirmed by TEM, ICP, and XPS 
analyses. These strong metal–support interactions suppressed plasmon 
resonance but enhanced charge transfer, enabling the IW and Im cata
lysts to achieve a fourfold higher activity than bare g-C3N4, completing 
methyl orange degradation within 180 min. Additionally, the solution 
pH was found to significantly influence the initial adsorption of methyl 
orange on the catalyst surface, further affecting overall degradation ef
ficiency. The mechanism for the degradation was determined based on 
scavenger experiments, the dominant reactive species were superoxide 
radicals (O2

•-), hydroxyl radicals (•OH), and photogenerated holes (h+). 
Taken together, the results highlight that beyond gold loading, the 
synthesis method governs nanoparticle characteristics, interfacial 
chemistry, and adsorption behaviour, ultimately determining photo
catalytic performance. Owing to its straightforward synthesis, effective 
Au dispersion, and strong activity, the WIW catalyst stands out as a 
promising candidate for visible-light-driven water purification. 
Although methyl orange was selected as a typical azo dye model 
pollutant in this study, the enhanced charge separation and interfacial 
electron transfer achieved with Au/g-C3N4 catalysts are expected to be 
general features of this system. It is therefore anticipated that this 
strategy could be extended to the degradation of other organic pollut
ants susceptible to visible-light photocatalysis, including other azo dyes, 
phenolic compounds, and pharmaceutical contaminants, highlighting 
the broader potential of reducing-agent-free Au deposition for sustain
able water treatment applications.

This work underscores the importance of rational catalyst design and 
provides valuable insights for the development of sustainable photo
catalysts for environmental remediation.
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