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Abstract 

Carbon nitrides (CNx) are a promising class of photocatalyst for fuel and chemical 

synthesis as they are non-toxic and readily synthesized at a low cost. This study 

reports the enhanced photocatalytic activity for simultaneous alcohol oxidation and 

proton reduction when graphene oxide (GO) or reduced graphene oxide (RGO) is 

employed as an interlayer between a cyanamide-functionalized melon-type carbon 

nitride (NCNCNx) and a phosphonated Ni-bis(diphosphine) H2-evolution catalyst (NiP). 

Introduction of the GO/RGO enhanced the activity three times, reaching a specific 

activity of 4655 ± 448 µmol H2 (g NCNCNx)−1 h−1 with a NiP-based turnover frequency 

of 116 ± 3 h−1. Mechanistic studies into this closed photo-redox system revealed that 

the rate of electron extraction from NCNCNx is rate limiting. GO/RGO is commonly 

employed to improve the electron transfer dynamics on nanosecond timescales, but 

time-resolved photoluminescence and transient absorption spectroscopy reveal that 

these properties are not significantly affected in our NCNCNx-GO hybrid on fast 

timescales (< 0.1 s). However, long lived “trapped-electrons” generated upon 

photoexcitation of NCNCNx in the presence of organic substrates are shown by 

photoinduced absorption spectroscopy to be quenched faster with GO/RGO, 

supporting that GO/RGO improves electron transfer from NCNCNx to NiP on 

timescales > 0.1 s. The absorption profile of NiP in the presence of different GO 

loadings reveals that GO acts as a conductive interfacial ‘binder’ between NiP and 

NCNCNx. The enhancement in activity therefore does not primarily arise from changes 

in the photophysics of the NCNCNx, but rather from GO/RGO enabling better 

electronic communication between NCNCNx and NiP. 
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Introduction 

Solar-driven water splitting with semiconductor particles is a strategy to generate 

clean and renewable energy carriers.1 In addition to harvesting a large portion of the 

solar spectrum, water-splitting systems also require efficient charge separation and 

delivery of multiple of such photogenerated charges to catalytic centers. Amongst 

common semiconductors, TiO2 and ZnO are widely used due to their non-toxicity 

and stability.2,3 However, the large bang gap of these metal oxides (3.2 eV) makes 

doping or sensitization with dyes, often expensive (ruthenium dyes) or unstable 

(organic dyes), essential to extend the absorption into the visible region.4–6 Despite 

the small band gap associated with metal chalcogenide semiconductors such as 

CdSe, CdS and ZnSe quantum dots (1.73, 2.42 and 2.7 eV), they suffer from toxicity 

and/or photo-corrosion.7–10 In order to develop sustainable photocatalytic systems, 

scientific focus is being shifted towards investigations on efficient, benign and 

scalable photocatalytic systems.1 Carbon dots are emerging as a new class of metal-

free, non-toxic and water-soluble alternatives to traditionally used photosensitisers, 

which are in principle scalable through bottom-up synthesis.11–13 However, the lack 

of detailed structural understanding of these nanomaterials at a molecular level 

currently hampers the rational design to optimize photocatalytic activity.14 

 Polymeric carbon nitride, CNx, has attracted great attention as a next 

generation photocatalyst due to its high stability, well positioned conduction (CB) and 

valence bands (VB) and composition based upon “earth-abundant” elements.15–18 In 

the last decade CNx have been demonstrated to promote solar driven organic 

substrate oxidation,19 pollutant degradation,20,21 H2 production,22–24 and water 

splitting.18,25,26 Yet their photocatalytic performance is typically limited by fast 

recombination of photogenerated hole−electron pairs. To overcome this limitation 
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many strategies have been proposed such as non-metal doping,27–29 noble metal 

doping,30–32 and nanoengineering of CNx.33,34 An alternative strategy is to design a 

system in which photogenerated holes or electrons are consumed faster than charge 

recombination reactions by accelerating charge transfer to the catalytic sites. 

Recently, we used a cyanamide surface-functionalized melon-type carbon nitride, 

NCNCNx, in combination with a molecular nickel(II) bis(diphosphine) H2-evolution 

catalyst, NiP, to simultaneously produce aldehyde and H2 in 1:1 stoichiometry from 

alcohol oxidation and proton reduction, respectively.35 This closed photocatalytic 

redox system displayed enhanced photoactivity compared to unfunctionalized 

(amino-terminated) carbon nitride, H2NCNx, which was attributed to the superior hole 

quenching ability of 4-methyl benzyl alcohol (4-MBA) in the presence of NCNCNx. The 

slow transfer of the photogenerated electrons to the diffusional NiP was identified as 

the overall rate limiting step for this photocatalyst system.35 

 Interfacial engineering of semiconductors with charge separation layers can 

increase the lifetime of charge carriers and improve photocatalytic activity.36 

Graphene possesses high specific surface area (~ 2600 m2 g−1), high mobility of 

charge carriers (~ 200 000 cm2 V−1 s−1), and good chemical and electrochemical 

stabilities.36–40 Moreover, graphene can be easily prepared from low-cost solution-

based processes using graphite powder and it can be oxidized and exfoliated into 

graphene oxide (GO).41–43 In order to balance the conductivity and hydrophilicity of 

GO, it is typical to convert it to reduced graphene oxide (RGO).44,45 Many 

semiconductor−graphene composites have been studied and enhanced 

photocatalytic activities were reported in comparison to bare semiconductor towards 

H2 production,46–48 CO2 reduction,49–52 water splitting,44,53–56 selective organic 

transformations,57–60 and pollutant degradation.61–64 This behavior was attributed to 
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the superior electron accepting and transfer capabilities of the GO derivatives, 

resulting in reduced charge recombination reactions and prolonged lifetimes for the 

photogenerated charge carriers in the semiconductors.36,39,65 GO derivatives have 

also been utilized as efficient hole−extraction layer,66–69 as well as an 

electron−extraction layers in heterojunction solar cells, due to their tunable work 

function and thin film formation ability.70–72 

We have previously reported a noble metal free sacrificial photocatalytic 

system utilizing unfunctionalized H2NCNx and molecular catalyst, NiP.23 NiP is a 

hydrogenase-inspired molecular H2-evolution catalyst,73,74 which shows good activity 

in homogenous solution and when immobilized on semiconductor surfaces.75–77 

Subsequently we employed a more active, surface functionalized NCNCNx and 

replaced the sacrificial electron donor with a selective and almost quantitative 

alcohol oxidation reaction, coupled to NiP catalyzed proton reduction.35 Here, we 

shed light on the improved photocatalytic performance of this NCNCNx-NiP photo-

redox system in the presence of GO/RGO (Figure 1). The mechanism of the 

oxidation and reduction half reactions and the charge transfer between NCNCNx, 

GO/RGO and NiP are investigated. The NCNCNx-GO-NiP hybrid system is studied 

using optical spectroscopy techniques, namely time-resolved photoluminescence (tr-

PL), transient absorption spectroscopy (TAS) and photoinduced absorption 

spectroscopy (PIAS), to understand the key kinetics leading to improved 

photocatalytic performance. 
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Figure 1. Schematic representation of photocatalytic NCNCNx-GO-NiP system. 

Irradiation of NCNCNx results in the formation of photoexcited state, which is 

quenched by 4-MBA and results in the formation of trapped electrons in NCNCNx. 

These ‘ultra-long lived’ electrons can then be transferred to NiP for proton reduction 

in the dark phase. The electronic communication between NCNCNx and NiP is 

enhanced by GO/RGO. 

 

Results and Discussion 

Assembly and Characterization of NCNCNx/GO system. NCNCNx-GO/RGO hybrids 

were prepared by stirring NCNCNx (5 mg) and GO/RGO in aqueous solution (0.2 mg 

mL–1) for 16 h prior to experiments. NCNCNx-GOx/RGOx of different compositions 

were prepared [x denotes the content of GO and RGO in weight percentages loading 

in reference to NCNCNx; which ranges between 0.063 wt% (3.1 g) and 50.00 wt% 

(2.5 mg)]. The samples were allowed to dry under atmospheric conditions, prior to 

characterization by Fourier transform infrared (FT-IR) and Raman spectroscopy, and 

the data of the hybrid were compared to bare NCNCNx and GO (Figure S1). The FT-IR 
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spectrum of bare NCNCNx showed the characteristic heptazine core IR vibration at 

803 cm−1 and bridging secondary amine –C–N bending vibrations at 1307 and 1211 

cm−1, supporting the polymeric nature of the material. The appearance of the (C≡N) 

stretch at 2181 cm−1 confirmed the presence of cyanamide groups on the surface of 

the material. The spectra recorded in the presence of either GO or RGO showed 

negligible differences compared the spectrum of bare NCNCNx (Figure S1a).24,78 The 

Raman spectrum of the bare GO showed the D and G bands at 1355 and 1597 

cm−1, respectively (Figure S1b).79 The signals of the D and G bands are significantly 

suppressed in the hybrid NCNCNx-GO/RGO due to strong scattering of NCNCNx. 

The X-ray diffraction (XRD) pattern of the NCNCNx-GO hybrid shows the 

characteristics bands observed for pure NCNCNx, indicating that the structure of the 

material is preserved after the physical mixing with GO (Figure S2).24,78 More 

specifically, the hybrid shows the characteristic NCNCNx peak at 28.2º, which 

corresponds to an interlayer spacing of 3.16 Å (002). In addition, the hybrid 

preserves that same (100) in-plane periodicity with pure NCNCNx, as indicated by the 

two bands at 9.83º (9.00 Å) and 8.04º (11.00 Å). The characteristic GO band at 10.9º 

(8.12 Å), due to (001) interlayer spacing, is less prominent in the XRD pattern of the 

hybrid due its low content.24,80  

Scanning electron microscopy (SEM) images of NCNCNx-GO show that comparable 

morphological features as for bare NCNCNx are observed (Figure S3). Transmission 

Electron Microscopy (TEM) images of NCNCNx-GO hybrids at different GO loadings 

show that GO sheets act as a scaffold to host the approximately 50 nm sized NCNCNx 

particles (Figure S4). The UV-vis absorption profile of the NCNCNx-GO hybrid 

resembles the characteristic features of bare NCNCNx, abs < 450 nm, (Figure S5a). 

Photoluminescence (PL) studies were carried out to investigate changes in the 
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charge separation efficiency of NCNCNx in the presence GO and RGO (Figure S5b). 

In contrast to literature reports,38,39 we observe that introducing GO/RGO does not 

quench the emissive states in NCNCNx. This observation indicates that GO/RGO does 

not affect the rate of charge recombination under visible light irradiation in < 0.1 s 

timescale (see below for more details).47,80 

 

Assembly of Hybrid Photocatalyst and Activity. NiP was synthesized and 

characterized as previously described.75 H2NCNx and NCNCNx were prepared from 

melamine by a slight modification of a published procedure (see experimental 

section for details).23–25 NCNCNx (5 mg) was added to an aqueous suspension of 

GO/RGO (0.2 mg mL–1) in a photoreactor and stirred for 16 h prior to experiments. 

This was followed by the addition of an aqueous solution of NiP and ethylenediamine 

tetraacetic acid (EDTA) or potassium phosphate buffer (KPi) with 4-MBA (30 μmol). 

The final suspension contained 3 mL of EDTA (0.1 M, pH 4.5) or KPi (0.1 M, pH 4.5). 

The photoreactors were sealed, purged with N2 (containing 2% CH4 as internal gas 

chromatography (GC) standard) and irradiated at 25 °C using a solar light simulator 

equipped with AM 1.5G filter, at 1 Sun intensity (100 mW cm−2). The headspace H2 

gas was quantified periodically by GC, while oxidation products of 4-MBA were 

characterized in solution by 1H nuclear magnetic resonance (NMR) spectroscopy. 

The parameters of the system (solvent, amount of GO, size of GO, amount of 

NCNCNx) were systematically varied and optimized for H2 production per catalyst, 

expressed as NiP turnover frequency (TOFNiP, mol H2 (mol NiP)−1 h−1) and turnover 

number (TONNiP, mol H2 (mol NiP)−1) determined after 1 and 4 of irradiation 

respectively, as well as the conversion yield of alcohol after 4 h (Tables S1-S6). 
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The initial experiments were performed using EDTA (0.1 M) as a sacrificial 

electron donor (Figure 2a). Simulated solar light irradiation results in linear H2 

production during the first 4 h and a significant enhancement in photocatalytic activity 

was detected particularly in the presence of low GO loadings, < 0.50 wt% (25 g), 

(Figure S6a). In the absence of GO, a TOFNiP of 38 ± 1 h−1 was achieved, whereas 

the presence of GO0.125 resulted in TOFNiP of 116 ± 3 h−1. After 4 h of irradiation, 

three times higher H2 production activity (17 ± 1 μmol, and TONNiP, 348 ± 11) was 

recorded with GO0.125 compared to that of bare NCNCNx. NCNCNx-RGO0.125 has a 

comparable catalytic activity (TOFNiP of 102 ± 1 h−1 and TON of 322 ± 6), potentially 

indicating in situ photoreduction of GO.44  

It was previously reported that GO can itself act as a p- or n-type 

semiconductor, depending on the degree of its surface oxidation,81 as well as 

photocatalyst for H2 production.82,83 Control experiments in the absence of NCNCNx 

with GO/RGO-NiP only under simulated solar light and blue filtered ( > 495 nm) 

irradiation did not generate H2, ruling out this possibility (Table S1). Increasing GO 

loadings above 0.50 wt% (25 g) caused a substantial decrease in the activity 

(Figure S6a). This observation may be due to increased light scattering by GO, 

reducing the amount of light that can be absorbed by NCNCNx.47 
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Figure 2. Photocatalytic H2 production under simulated solar light irradiation (100 

mW cm−2, AM1.5G, 25 °C) with 5 mg of NCNCNx, NCNCNx−GO and NCNCNx−RGO 

(0.125 wt% loading of GO or RGO, 6.3 g) in the presence of NiP (50 nmol) in (a) 

aqueous EDTA solution (0.1 M, pH 4.5, 3 mL), and (b) in aqueous KPi solution (0.1 

M, pH 4.5, 3 mL) containing 4-MBA (30 μmol) under N2. The experiment plotted as 

dashed gray trace was performed in deuterated water (D2O). The pair of hollow and 

filled symbols of the same shape and color corresponds to H2 and aldehyde 

production, respectively. The amount of aldehyde was quantified after 4 h of 

irradiation. Control experiments in the absence of NCNCNx and in the presence of 

RGO are also presented. 
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The enhanced photocatalytic performance of NCNCNx in the presence of GO/RGO 

encouraged us to replace excess EDTA by a closed redox system with 

stoichiometric and selective alcohol oxidation coupled to proton reduction (Figure 2b 

and S6b). In the presence of 4-MBA (30 µmol) with NCNCNx and GO0.125, a specific 

activity of 1159 ± 29 µmol H2 (g NCNCNx)−1 h−1 towards H2 and aldehyde production, 

TOFNiP of 116 ± 3 h−1 and TONNiP of 367 ± 20 were achieved, whereas bare NCNCNx 

showed a lower specific activity of 676 ± 27 µmol H2 (g NCNCNx)−1 h−1, TOFNiP of 68 ± 

3 h−1 and TONNiP of 237 ± 20. Consistent with results recorded in EDTA solution, 

replacing GO0.125 by RGO0.125 in the presence of 4-MBA yielded similar activity with 

respect to the photocatalyst at 1216 ± 55 µmol H2 (g NCNCNx)−1 h−1 and to the 

catalyst with TOFNiP of 122 ± 5 h−1. The reaction rate for alcohol oxidation almost 

doubled in the presence of GO or RGO, reaching 17 µmol of selective 4-methyl 

benzyl aldehyde (4-MBAd) formation with a conversion yield of 57%. Bare NCNCNx 

reached 10 µmol 4-MBAd corresponding to 32% conversion under the same 

conditions. After 4 h of irradiation in the presence of GO/RGO approximately 18 µmol 

of H2 and aldehyde were formed, corresponding to 50 % enhancement in 

photocatalytic activity in comparison to bare NCNCNx. 

Control experiments with NCNCNx-GO-NiP in the absence of NCNCNx or NiP 

with 4-MBA in KPi buffer did not generate H2 (Figure 2b). Aldehyde (4-MBAd) was 

also produced in the latter experiment due to ‘solar charging’ of the NCNCNx in the 

absence of catalyst (Table S7 and discussion below).35  

 The catalytic turnover rates and numbers of NiP are in broad agreement with 

previously reported H2 production systems using colloidal light absorbers under 

sacrificial conditions. Solar light driven H2 generation with NiP was first reported in 

the presence of phosphonated ruthenium tris(2,2’-bipyridine) (RuP) dye sensitized 



12 
 

TiO2 in ascorbic acid (pH 4.5), which showed a TOFNiP of 72 ± 5 h−1.75 A hybrid 

system containing H2NCNx and NiP in EDTA (pH 4.5) reported a TOFNiP of 109 ± 11 

h−1.23 Sacrificial photo-H2 generation was also demonstrated using amorphous and 

N-doped carbon-dots as light harvester with NiP in EDTA (pH 6), reaching TOFNiP of 

41 h−1 and TOFNiP of 143 h−1 respectively.11,12 

Tuning the amount of NCNCNx at high GO loadings resulted in excellent 

specific activity (Table S3, Figure S7). The highest specific activity of 4655 ± 448 

µmol H2 (g NCNCNx)−1 h−1 was achieved with 0.5 mg of NCNCNx in the presence of 50 

wt% GO loading (0.25 mg) and 50 nmol NiP. The H2 production rate is amongst the 

highest reported in the literature with respect to mass of carbon nitride and the 

highest for selective organic oxidation coupled to fuel generation.84–88 Previously 

reported semiconductor-graphene heterojunction systems have been studied with a 

sacrificial electron donor and noble metal proton reduction catalysts (Table S8).89 For 

CNx systems, only a Eosin Y (EY) sensitized CNx-GO composite with a Pt catalyst in 

a sacrificial triethanolamine (TEOA) solution shows comparable activity to the 

system developed in this work (3820 µmol H2 (g NCNCNx)−1 h−1).90 The high activity of 

our NCNCNx-GO-NiP hybrid is even comparable to a toxic CdS/graphene composite 

with Pt, which reaches up to 6000 µmol H2 (g NCNCNx)−1 h−1.91,92 NCNCNx-GO-NiP 

therefore demonstrates benchmark photoactivity for a precious metal free, single 

photo-absorber system. In addition, the system does not rely on excess sacrificial 

electron donor and converts an organic substrate cleanly into a value-added product 

in high yield. 

Different sizes of GO sheets, <1−5 m, were also studied to improve the 

understanding of the interaction between NCNCNx and GO, but only marginal 

variations in photocatalytic performance were observed (Figure S8). 
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The photocatalytic behavior of melon-type, amine terminated H2NCNx was also 

studied in EDTA and KPi containing 4-MBA (Figure S9 and S10). As for NCNCNx, 

introduction of GO and RGO enhanced the photocatalytic activity by at least 50 %, 

demonstrating the more general ability of GO and RGO to improve the performance 

for carbon nitride photocatalysts. 

 

Light-dark charging cycle of NCNCNx. We have previously established that light 

exposure of a yellow suspension of NCNCNx in the presence of an organic substrate 

results in the formation of blue NCNCNx.35 This blue state is associated with ultra-long 

lived “trapped electrons” accumulated in NCNCNx with lifetimes on the order of hours. 

Addition of a catalyst such as NiP can release these low potential electrons in a dark 

phase to produce H2. This unique behavior therefore allows decoupling of oxidative 

and reductive half-reactions temporarily, making it possible to generate a solar fuel in 

the dark.35,93 Thus, the electron storage capacity of NCNCNx-GO (5 mg) hybrid 

suspensions in an aqueous KPi solution with 4-MBA (30 μmol) without NiP were 

studied. The anaerobic suspensions were irradiated for 30 min, 2 and 4 h and then 

moved into the dark (Figure 3). The H2 evolution performance was monitored after 

injecting NiP (50 nmol in KPi solution) to the pre-irradiated, blue suspensions using 

an airtight syringe (Table S7).  

Independently of the length of charging interval, discharging rates of 

approximately 0.40 mmol e− (g NCNCNx)−1 h−1 were observed, based on 1 µmol of H2 

being produced from 2 µmol of radicals, per 5 mg of NCNCNx  after one hour of NiP 

injection in the dark. Short-term irradiation resulted in rapid discharge upon injection 

of NiP, whereas 4 h light-exposure required a longer time to consume the larger 

number of trapped electrons. The total amount of trapped electrons and 
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corresponding dark H2 evolution saturated after 4 h irradiation and irradiating the 

samples for 12 h did not increase the number of accumulated charges (Table S7). 
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Figure 3. Photocatalytic suspensions were prepared with 5 mg of NCNCNx, NCNCNx−GO and NCNCNx−RGO (0.125 wt% loading of 

GO or RGO, 6.3 g) in aqueous KPi solution (0.1 M, pH 4.5, 3 mL) containing 4-MBA (30 μmol) without NiP under N2. The samples 

were irradiated for (a) 30 min, (b) 2 h and (c) 4 h under 1 sun simulated solar light irradiation (100 mW cm−2, AM1.5G) at 25 °C. The 

suspensions were then moved into the dark and an anaerobic NiP solution (50 nmol in KPi solution) was injected. The pair of hollow 

and filled symbols of the same shape and color corresponds to H2 and 4-MBAd production, respectively. The amount of aldehyde 

formed is detected after 30 min, 2 and 4 h of irradiation in (a), (b) and (c), respectively. The orange arrows indicate the point of NiP 

injection; a control experiment with the vial kept in dark for 2 h before injection of NiP is shown in (b). 
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The amount of H2 detected provides an indirect measure on the total number 

of heptazine based radicals generated during irradiation of the material (Table S9).93 

After 30 min of irradiation, 0.8 ± 0.1 µmol of H2 was generated with bare NCNCNx, 

whereas NCNCNx-GO or RGO hybrids produced 1.1 ± 0.1 and 0.9 ± 0.1 µmol, 

respectively (Figure 3a). Assuming that trapped electrons are quantitatively 

converted into H2, we can estimate that 2.1 ± 0.2 and 1.9 ± 0.2 µmol of radicals are 

accumulated in the NCNCNx-GO and RGO hybrids, respectively (1.6 ± 0.1 µmol for 

bare NCNCNx). This corresponds to approximately a 1:10 ratio of radical to heptazine 

units in NCNCNx. After 4 h of irradiation a saturation concentration of trapped 

electrons was reached and approximately 2.25 µmol H2 was detected, which 

corresponds to 4.50 ± 0.37 µmol of radicals (Figure 3c) or roughly a 1:5 ratio of 

radicals to heptazine units. 

 

Mechanisms of Oxidation and Reduction. Mechanistic studies on organic 

substrate oxidation with colloidal light harvesters such as CNx,19,94,95 TiO2,96–98 and 

BiVO4 
99,100 are common, but only a few reports exist on high-yielding alcohol photo-

oxidation under N2, which precludes the formation and potential involvement of 

reactive oxygen species.101–103 To gain mechanistic insights (in particular for hole 

transfer from CNx to 4-MBA) we avoided the use GO and RGO in the photocatalytic 

suspension (see also time-resolved kinetics study below). 

To identify the source of protons for H2 production, KPi buffer was prepared in 

H2O and D2O (Figure 2b, Figure S11a and Table S10). The headspace gas 

produced was monitored by GC and characterized by mass spectrometry (MS), 

through examining the composition of the gases with mass/charge ratios between 1 

and 5 amu over the irradiation period of 4 h (Figure S11a, inset). Over the course of 
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4 h, linear gas production at a comparable rate was observed regardless of using 

H2O or D2O as solvent. In the presence of D2O, the peak corresponding for D2 grew 

selectively over time with negligible amounts of H2 and HD being detected. This 

indicated that aqueous protons were selectively delivered to NiP for H2 formation. 

The rate of H2 gas production was not affected by D2O substitution, indicating that 

O−H/D bond breaking is not a rate-determining step for proton reduction.104 

The kinetic isotope effect (KIE) of an isotopically labeled 4-MBA substrate was 

then studied by using α-D2 benzyl alcohol (BA). The substitution with D2-BA did not 

influence the rate of proton reduction and MS analysis confirmed that the headspace 

gas was H2 (Figure S11b), demonstrating that aliphatic protons from BA were not 

used for proton reduction. Independent of BA labeling, around 6 µmol of aldehyde is 

being produced after 4 h of irradiation, showing that the rate of proton abstraction 

from BA is not limiting the oxidation process. The first and rate-limiting step of 

oxidation is presumably hole transfer from photoexcited NCNCNx to the substrate 

(Figure S11c).105,106 

Alcohol oxidation was further investigated by under a N2 or air atmosphere 

without NiP (Figure S12). After 4 h of irradiation, selective production of 2 and 14 

µmol of 4-MBAd was detected under N2 and air atmospheres, respectively (for 

comparison, 10 µmol 4-MBAd are detected in the presence of NiP and N2). These 

results indicate that the presence of a strong electron acceptor such as O2 assists 

faster abstraction of photo-generated electrons from NCNCNx, quickly regenerating 

the ground-state photocatalyst and increasing the turnover frequency for alcohol 

oxidation.96,98 

The possibility of hydroxyl radical (HO•) formation was explored by using the 

hydroxyl radical scavenger benzene-1,4-dicarboxylic acid (terephthalic acid, THA).107 
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Hydroxylation of THA by HO• yields a highly fluorescent THA-OH, with an emission 

at 426 nm when excited with 315 nm light.107 NCNCNx suspensions irradiated in the 

presence of THA for one hour showed an insignificant amount (< 0.02 µmol) of THA-

OH formation (Figure S13), indicating that this is a minor reaction pathway for the 

oxidation reaction. This is supported by the mismatch between the valence band 

position of NCNCNx (approximately 1.4 V vs the normal hydrogen electrode (NHE) at 

pH 7), and the redox potential of −OH to hydroxyl radicals (E°(HO•/HO−) = 2.4 V vs 

NHE).19,108 Photocatalytic substrate oxidation under O2 atmosphere is believed to 

occur through superoxide radical formation, O2
•−, however this possibility can be 

excluded in the reported system as the experiments are carried out under N2.19 

Our mechanistic studies therefore support that presumably direct hole transfer 

occurs first from photoexcited NCNCNx to 4-MBA, followed by slow electron transfer 

from NCNCNx to NiP to reduce aqueous protons to H2 (Figure S11c).109 Consumption 

of the photogenerated charge carriers is ultimately essential to promote the 

production of H2 and aldehyde in 1:1 stoichiometry and close the photo-redox cycle, 

but the oxidative and reductive half-reactions can be temporarily, and in principle, 

spatially decoupled.102 

Time-resolved spectroscopy. Previously reported TAS measurements indicated 

that 4-MBA quenches the photogenerated holes on NCNCNx on timescale faster than 

3 s, while the extraction of the photoexcited electrons by NiP takes longer than 2 

s.35 In agreement with the mechanistic studies above, the photo-system is limited by 

hole transfer to 4-MBA and the accumulation of the low potential electrons in the 

NCNCNx on the short timescale, whereas on the longer timescale it is limited by the 

rate of electron extraction from ‘electron-saturated’ NCNCNx (Figure 1). Acceleration of 

the rate of electron extraction from NCNCNx would decrease the steady-state 
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concentration of trapped electrons in NCNCNx and reduce charge recombination 

losses. In turn, this will allow an overall higher conversion of 4-MBA and higher yield 

of electron transfer to NiP. We investigate here whether this is the case when the 

graphene based conductive scaffolds GO and RGO are introduced in the 

photocatalytic system.110 

We studied the improved photocatalytic activity of NCNCNx in the presence of 

GO and RGO first using time-resolved photoluminescence spectroscopy (tr-PL), 

namely time correlated single photon counting (TCSPC) to record the fast PL decay 

process. For the TCSPC experiments samples were excited at ex = 404 nm and 

decay of the emissive states was monitored at em = 490 nm under Ar atmosphere. 

Both bare NCNCNx and NCNCNx-GO/RGO hybrids showed similar decay profiles in the 

absence and presence of 4-MBA (Figures S14 and S15). These results indicate that 

the interface between NCNCNx and GO/RGO does not improve the charge separation 

of the monitored emissive states on the ns timescale. This is a surprising observation 

in comparison to previously reported semiconductor-graphene hybrid/composite 

systems, where quenching of PL is a characteristic behavior, due to faster charge 

separation of the emissive excitonic states.38,39 

Transient absorption spectroscopy (TAS) was subsequently performed to 

follow the charge transfer reactions in NCNCNx and GO/RGO hybrids on µs-s 

timescales. In contrast to tr-PL, TAS measurements monitor both emissive and non-

emissive states generated in the material after photoexcitation. Photoexcitation (ex = 

355 nm) of NCNCNx produced a broad photoinduced absorption signal in the 

470−1000 nm range (Figure S16a). Similar to behavior observed in metal oxides, the 

decay of the signal in NCNCNx follows a power law and is attributed to bimolecular 

electron-hole recombination (Figure S16b). The exponent of the power law is smaller 
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than unity (~ 0.43), suggesting that a trapping/detrapping process plays a significant 

role in excited state dynamics of NCNCNx, consistent with relatively slow time scale for 

the recombination process.111,112 

Typical s-TAS decays for NCNCNx suspension with and without 4-MBA under 

Ar were also recorded (Figure S17) at ex = 355 nm pulsed laser excitation with 

monitoring at 610 nm. In the absence of 4-MBA a decreasing decay is observed in 

the absorption profile until it remains nearly constant with a low amplitude at 1 ms 

after the light impulse. In the presence of 4-MBA a constant absorbance is reached 

from 1 s with no decay over time (note that data > 100 ms is affected by NCNCNx 

settling, see below). In line with previous observations, this persistent signal is 

assigned to long-lived trapped electrons in NCNCNx.35,93 

To gain knowledge on how the interface between NCNCNx and GO or RGO are 

affecting the photophysics of NCNCNx on the µs-s timescale, TAS decays were 

recorded both in the absence and presence of 4-MBA with bare NCNCNx and hybrid 

systems containing various GO/RGO loadings (Figure 4). The results show that 

charge recombination took place faster than 1 ms in the absence of 4-MBA, with 

similar decay profiles with or without GO/RGO (Figure 4a). In the presence of 4-MBA 

(Figure 4b), a constant absorbance is reached within the time resolution of the setup 

and indicated that the photogenerated holes are quenched faster than 1 s. In all 

cases, the transient absorption traces recorded for bare NCNCNx and GO or RGO 

hybrid systems showed no significant differences. In addition to comparable signal 

amplitudes, we also note that the decay kinetics are unaffected by the presence of 

GO or RGO (Figure S18), inconsistent with charge separation across the CNx/GO 

interface. The results support our interpretation of the PL and tr-PL data, ruling out 

the possibility of GO and RGO influencing the charge carrier dynamics of NCNCNx by 
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enhancing the separation of photogenerated charges on shorter than s 

timescale.47,113,114 In line with this observation, TAS experiments conducted for 

H2NCNx also showed no difference between bare H2NCNx and GO/RGO hybrids 

(Figure S19). The slightly lower signal amplitude for bare H2NCNx in the absence of 4-

MBA or NiP (Figure S19a) is attributed to experimental fluctuations and is in line with 

differences up to 20% observed in repeated measurements (Figure S20). 

Importantly, no changes in the decay kinetics are again observed (Figure S21). The 

difference between the activity of NCNCNx in the presence of 4-MBA and EDTA 

(Figure 2) were investigated by monitoring the µs-TAS decay kinetics of NCNCNx 

(Figure S22). In the presence of 4-MBA, a more complete hole extraction was 

achieved in contrast to EDTA, as indicated by the lack of signal decay on sub-100 µs 

timescales. A small increase in the concentration of long-lived electrons was 

observed with 4-MBA, in line with the higher production of H2 when using 4-MBA 

compared to EDTA. 
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Figure 4. μs-TAS decay kinetics of (a) NCNCNx at the concentration of 1.67 mg mL–1 

dispersed in KPi solution (0.1 M, pH 4.5) with various GO and RGO loadings in the 

absence and (b) presence of 4-MBA (0.01 M), monitoring at  = 610 nm under  = 

355 nm pulsed excitation. 
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Decay kinetics of charged NCNCNx. We next sought to investigate the electron 

transfer taking place from NCNCNx to NiP, a vital step for H2 production. This electron 

transfer has been shown to take place on a timescale longer than a few seconds.35 

During the measurements, NCNCNx particles were settling in the cuvette, eliminating 

the possibility to accurately follow any process longer than 0.1 s and preventing an 

accurate measure of the electron transfer process. To overcome this issue of settling 

of NCNCNx, the powder was suspended in a non-intrusive matrix of a sodium 

deoxycholate (NaDC) hydrogel.115 The matrix prevented the fast settling of NCNCNx, 

and the μs-TAS decay kinetics of aqueous NCNCNx or H2NCNx suspensions and 

hydrogels were compared. The initial signal decay on the µs timescale was 

unchanged by the NaDC matrix (Figures S23 and S24) indicating that the CNx 

photophysics were not disrupted. The hydrogel matrix did successfully eliminate the 

artifacts caused by settling on timescales > 100 ms (Figure S23), particularly evident 

in the case of H2NCNx.  

Photoinduced absorption spectroscopy (PIAS) of hydrogel samples was then 

used to record the long-lived excited states and to monitor the electron transfer 

kinetics from NCNCNx on the second to minute timescale. The samples were 

irradiated with a UV LED (365 nm, 0.5 mW cm−2) pulse for 2 s, as opposed to the ns 

laser pulse used in TAS experiments. The change in absorbance was monitored at  

= 610 nm during the LED excitation and 58 s following excitation. Similarly as for the 

TAS experiments, the signal detected is due to absorption from the photogenerated 

electrons, and the amplitude depends on the quantum yield of photogenerated 

electron, the recombination lifetime and the intensity of the excitation in steady-state 

conditions.116 
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PIAS traces were recorded for bare NCNCNx and hybrid systems with GO or 

RGO in the presence of different NiP concentrations (Figure S25). Similar traces 

were recorded for the different samples in the absence of NiP, pointing to 

insignificant changes in the NCNCNx photophysics when junctions with GO or RGO 

are introduced. In all cases, as the NiP concentration was increased, the absorbance 

signal was quenched faster, as expected: increasing the concentration of electron 

accepting molecules increases the rate of electron extraction. Interestingly, much 

faster absorption decays were observed by increasing the NiP concentration both in 

the presence of GO and RGO, as compared to bare NCNCNx. This trend was 

observed clearly when the normalized traces of NCNCNx and GO/RGO hybrids at a 

single NiP concentration are plotted together (Figure 5a and Figure S26). The data 

set of Figure 5a is also shown before normalization for comparison (Figure S27). The 

PIAS amplitude of all three types of samples after switching off the LED pulse for 10 

s is also given (Figure 5b), again showing the stronger effect of the addition of NiP 

for the GO and RGO hybrids. 

All the PIAS data clearly showed that the abstraction of the photoexcited 

electrons from NCNCNx is faster in the presence of GO and RGO. This qualitatively 

demonstrated that the interface between NCNCNx and GO or RGO enhanced the rate 

of electron extraction and delivery from NCNCNx to NiP on the second timescale. A 

quantitative description of the kinetics is prevented by the settling nature of the 

heterogeneous system, which is unfortunately not completely removed when using 

13.8 mg mL–1 NaDC to form the hydrogel matrix. We also note that addition of NiP 

and release of Ni2+ ions may impact the viscoelastic properties of the 

hydrogels,117,118 although this does not affect the comparison of the decay kinetics of 

different samples at the same NiP concentration. Stiffer matrices could be prepared 
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at higher NaDC concentrations to completely remove particle settling over the minute 

timescale, yet complete removal of oxygen, which has a strong impact on the 

observed kinetics (Figure S28) due to electron extraction, from the system was then 

prevented. This led to intractable variations between experiments and was not 

pursued further. 
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Figure 5. Comparison of PIAS of NCNCNx, NCNCNx-GO/RGO samples (0.125 wt% 

loading of GO or RGO, 6.3 g) in NaDC (13.8 mg mL−1) hydrogel monitored at  = 

610 nm with LED excitation at  = 365 nm (0.5 mW cm−2), in KPi solution (0.1 M, pH 

4.5) with 4-MBA (0.01 M) under Ar (a) with NiP (24 µM) over 60 s and (b) at different 

NiP concentrations (10 seconds after switching off the light).  
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PIAS for bare H2NCNx and hybrids with GO/RGO were also conducted (Figure 

S29) and they all showed similar PIAS traces when considering both the amplitude 

and kinetics, even in the presence of NiP. While we expect to monitor only the 

unreactive trapped charges in the case of amino-terminated, H2NCNx,119 the lack of 

changes in the presence of GO and RGO supports our conclusion that the junction 

formed generally does not significantly impact the photophysics of CNx. 

Centrifugation experiments were subsequently conducted to better 

understand the interaction between GO and the NiP catalyst (Figure S30). First, the 

UV-visible absorption profile of NiP (50 nmol in 3 mL) was recorded alone in 

aqueous solution. Then, the NiP solution was stirred with different amounts of GO, 

specifically 0.05 mg and 0.5 mg. The resulting suspensions were then centrifuged 

(10,000 rpm, 10 min) and the UV-vis spectrum of NiP remaining in the supernatant 

was recorded. A significant reduction in the NiP absorption peaks was observed as 

the GO loading was increased, which can be attributed to H-bonding interactions 

between the -OH groups of GO or RGO and the phosphonate groups of the NiP 

catalyst.120 This indicates that GO acts as a scaffold to bring NiP in close proximity to 

NCNCNx and the greater affinity for the NCNCNx-GO interface enhances the rate of 

electron transfer from NCNCNx to NiP. It was not possible to fully sediment NCNCNx 

and RGO particles in analogous experiments, preventing us to clearly observe the 

absorption profile of NiP. Together, these observations highlight the importance of 

studying each component individually to develop better understanding on the charge 

generation and separation kinetics in multi component systems, by bringing 

photocatalytic experiments together with spectroscopic techniques. 
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Conclusions 

The enhanced activity of the closed photo-redox system NCNCNx-NiP is investigated 

upon integration with GO and RGO. Introducing GO/RGO enabled 3-times and 1.5-

times enhancement in the presence of EDTA and 4-MBA, respectively. Systematic 

and precise tuning of the GO loading was found to be essential to reach the best 

photocatalytic performance due to the highly scattering nature of GO. A maximum 

specific activity of 4655 ± 448 µmol H2 (g NCNCNx)−1 h−1 and a TOFNiP of 116 ± 3 h−1 

was reached through system optimization under 1 Sun irradiation. To the best of our 

knowledge, this is the highest activity reported in CNx-GO/RGO heterojunction 

systems and top performance of “closed” CNx photocatalytic system for selective and 

stoichiometric alcohol oxidation and proton reduction. The catalytic activity of NiP is 

in line with previously reported colloidal systems. After 4 h of irradiation in the 

presence of GO, 18 ± 1 µmol of H2 and 17 ± 1 µmol of 4-MBAd were obtained, 

corresponding to 57 ± 3 % of selective 4-MBA conversion. 

Mechanistic investigations revealed that NCNCNx behaves as an electron 

reservoir for long-lived and reductive electrons, whereas the rate of electron 

extraction from NCNCNx is the overall limiting factor. The properties of the closed 

cycle were probed by optical spectroscopic techniques (PL, tr-PL, TAS, PIAS) to 

gain a better understanding on the charge transfer dynamics between NCNCNx and 

GO or RGO and NiP. In contrast to previous reports, our results revealed that 

introducing GO or RGO does not have a significant impact on charge separation or 

recombination on a timescale of < 0.1 s. The charge transfer reactions of the ultra-

long-lived electrons in NCNCNx were probed by PIAS on timescales > 0.1 s. In the 

presence of GO and RGO, increasing NiP concentration resulted in faster quenching 

of the signal associated with the trapped electron in NCNCNx when compared with 
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bare NCNCNx. This effect indicates that GO and RGO improve the rate of electron 

extraction from NCNCNx. We show that NiP can interact with GO, which acts as a 

conductive binder and improves the affinity between NiP and NCNCNx. Therefore, the 

enhancement in activity upon addition of GO/RGO to NCNCNx and NiP is not a simple 

electronic effect but GO and RGO act as carbon scaffolds to efficiently bring the 

components in close proximity, without adversely affecting charge transport 

dynamics. 

 

Experimental Section. 

Materials. All reagents used in synthesis were purchased from commercial suppliers 

and used directly without any further purification. The buffer solutions were prepared 

using analytical grade reagents and titrated to the desired pH with a pH meter 

(Mettler Toledo; SevenEasy). 

Synthesis of NiP and CNx. NiP was synthesized and characterized as previously 

described.75 H2NCNx was prepared by a published procedure with a slight modification 

that the polymerization of the melamine was carried out at 550 °C for 4 h under 

air.23,25 The yellow solid was thoroughly ground using a pestle and mortar prior to 

further analysis and applications. NCNCNx was prepared by grinding H2NCNx and 

KSCN (weight ratio of 1:2; dried overnight at 140 °C under vacuum) and calcinating 

at 400 °C for 1h and then at 500 °C for 30 min under Ar as previously reported.24 

After cooling to room temperature the residual KSCN was removed by washing with 

water and the product was dried under vacuum at 60 °C. 

Preparation of GO and RGO. A modified Hummer’s method was used to synthesize 

graphene oxide (GO).121 In the preoxidation step, H2SO4 (20 mL) was slowly heated 
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up to 80 °C followed by the addition of K2S2O8 (4.2 g) and P2O5 (4.2 g) with vigorous 

stirring. Graphite powder (5 g, Alfa Aesar, 325 mesh) was then added to the solution 

and the temperature was kept at 80 °C for 4.5 h followed by cooling down to room 

temperature. The mixture was diluted with water and left overnight. The mixture was 

repeatedly washed with deionized water (1 L) and centrifuged at 10,000 rpm 

followed by drying under air overnight to obtain a pre-oxidized product graphite oxide 

(GiteO). 

For the second oxidation step, H2SO4
 (58 mL) was kept at 0 °C followed by 

the slow addition of GiteO (2.5 g) with vigorous stirring. Then, KNO3 (1.25 g) and 

KMnO4 (8 g) were slowly added while the temperature was kept below 10 °C. The 

mixture was then heated up to 35 °C and stirred for 2 h. After that, the mixture was 

diluted with water (58 mL) and stirred for 2 h, followed by addition of water (350 mL) 

to obtain a dark solution. H2O2 (25 mL 30%) was added dropwise to the solution and 

it was left overnight for stratification. The supernatant was decanted, and the gel 

sediment was washed with water and centrifuged with HCl for 5 times to remove the 

metal oxides. Then, the product was washed with water until the decantate was 

nearly neutral. Finally, the product was sonicated for 30 min and a dark brown GO 

gel was obtained. The GO gel was dried at 50 °C for 24 h. The reduction of GO to 

reduced graphene oxide (RGO) was carried out by adding 5 mg graphene oxide 

powder into a L-ascorbic acid solution (50 mL, 1 mg mL-1) and vigorously stirring for 

48 h, following a published procedure.122 

Characterization Techniques. Fourier transform infrared spectra (FT-IR) of NCNCNx 

were carried out on a Thermo Scientific Nicolet iS50 FT-IR spectrometer operating in 

an ATR mode. UV−visible spectroscopy was carried out on a Varian Cary 50 UV−vis 
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spectrophotometer using quartz cuvettes with 1 cm path length. The microscopic 

morphologies of NCNCNx samples were observed using a scanning electron 

microscope (SEM), Carl Zeiss CrossBeam, at an accelerating voltage of 10 kV. 

Raman spectra were obtained from a HORIBA LabRAM HR Evolution system with 

an incident laser of 532 nm. Transmission Electron Microscopy (TEM) were recorded 

with Tecnai G2 80-200kV transmission electron microscope. 

Photoluminescence (PL) spectra of NCNCNx samples were recorded on an 

Edinburgh Instruments FS5 spectrofluorometer equipped with an integrating sphere. 

Emission scans were recorded with varying excitation wavelengths and the emission 

spectra were generated using a Fluoracle software provided with the FS5 

instrument. 

Photocatalytic Experiments. CNx-GO/RGO hybrids were prepared by stirring 

polymeric NCNCNx (5 mg) and different amounts of GO and RGO in a borosilicate 

glass photoreactor (total volume 7.74 mL) for 16 h prior to photocatalytic 

experiments. The amount of GO or RGO was specified by the weight percentage 

(wt%) of CNx, resulting in samples labelled as GOx, in which x corresponds to weight 

percentage. An aqueous solution containing either EDTA or KPi buffer containing 4-

MBA and NiP were added to the photoreactor with a stirrer bar (total volume 3 mL), 

which was then tightly sealed with a septum (Subaseal). The vials were then purged 

for at least 15 min with N2 containing 2% CH4, internal GC standard, before 

irradiation. The vials were then placed in a temperature-controlled water bath (25°C) 

with stirring and irradiated using a Xe lamp (Newport Oriel Solar Light Simulator, 100 

mW cm−2, 1 Sun). The set-up was equipped with an AM 1.5G filter and infrared 

irradiation was removed from all the experiments using a water filter. 
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Quantification of Products. The amount of H2 was quantified using a GC (Agilent 

7890A Series) equipped with a 5 Å molecular sieve column. The GC oven was kept 

at 45 °C and N2 was used as the carrier gas. Approximately 20 μL of headspace gas 

was taken from the photoreactor for analysis periodically using an airtight Hamilton 

syringe. 

The amounts of alcohol and aldehyde were quantified by nuclear magnetic 

resonance (NMR) spectroscopy. As the photoreactor was removed from irradiation 

the suspension was directly worked-up with 3 × CH2Cl2 (3 mL). The organic layers 

were then transferred into a round bottom flask and concentrated under reduced 

pressure. The residue was characterized by using 1H NMR spectroscopy on a 

Bruker DPX 400 spectrometer at 25°C. The methyl peaks of the starting material and 

the product were used to determine the conversion yield. 

The reliability of the work-up procedure was tested using different amounts of 

alcohol and aldehyde. The control experiments showed that the ratios were 

preserved after working up the solutions. 

Treatment of analytical data. To ensure reproducibility, the solar light simulator and 

GC were calibrated regularly. All analytical measurements were carried out in 

triplicates and the data is reported as mean value ± standard deviation (σ). A 

minimum σ of 10% was assumed in all cases for photocatalytic experiments. 

Hydrogel Preparation. Sodium deoxycholate (NaDC) powder was diluted in water 

at 13.8 mg mL–1 concentration. This stock solution was then used to disperse 

NCNCNx or H2NCNx powders and KPi buffer (1 M, pH 4.5) was added to prepare a final 

concentration of 0.1 M KPi and 1.67 mg mL–1 of CNx. When 4-MBA was used in the 

experiments, it was previously added to the NaDC stock solution. The NaDC mixture 

with carbon nitrides (NCNCNx or H2NCNx) was heated up to ~ 60 °C for 15 min, then 
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KPi was added to the hot solution followed by an additional 15 min of heating. 

Afterwards, the mixture was left undisturbed and cooled down at room temperature 

to form the hydrogel. 

Steady-state-Spectroscopy. A Shimadzu UV-2600 spectrometer equipped with an 

integrating sphere was used for recording UV-Vis diffuse reflectance spectra. 

Fluorescence spectra was recorded using a Jobin Yvon FluoroLog fluorometer. 

Steady-state spectra were acquired with powders dispersed in 1.67 mg mL–1 in KPi 

(0.1 M, pH 4.5), under Ar, in 1 mm path length cuvettes. 

Time-correlated single photon counting (TCSPC). The emissive states decay was 

monitored by TCSPC (DeltaFlex, Horiba). Data was acquired on two timescales (up 

to 100 ns and up to 6.5 μs) to follow the decay over several orders of magnitude. 

The various samples showed all the same initial intensities. Pulsed excitation of  = 

404 nm (10 kHz repetition rate) was generated by a laser diode and fluorescence 

was detected at  = 490 nm (SPC-650 detector, Horiba). Excitation fluence was 

estimated to be ~ 20 pJ/cm2. Both NCNCNx and H2NCNx were dispersed in KPi at 1.67 

mg mL–1 and purged with Ar before acquisition. 

Transient Absorption Spectroscopy and Photoinduced Absorption 

Spectroscopy. TAS decay on the ms–s timescale was acquired with the set up 

previously reported, in a diffuse reflectance mode.35 The excitation source was a 

Nd:YAG laser (OPOTEK Opolette 355 II, 7 ns pulse width) that produced  = 355 nm 

light transmitted to the sample through a light guide. The excitation power density 

used is of 300 μJ/cm2. A 100 W Bentham IL1 quartz halogen lamp generated the 

probe light. Long pass filters (Comar Instruments) and an IR filter (H2O, 5 cm path 

length) were positioned between the lamp and the sample to minimize short 
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wavelength irradiation and heating of the sample. The collection of diffuse 

reflectance from the sample was relayed to a monochromator (Oriel Cornerstone 

130) through a long pass filter to select the probe wavelength. Acquisitions were 

triggered by a photodiode (Thorlabs DET10A) exposed to laser scatter. Time-

resolved intensity data was collected with a Si photodiode (Hamamatsu S3071). For 

data at times faster than 1 ms, custom electronics (Costronics) amplified the 

electrical signal which was recorded by an oscilloscope (Tektronics DPO3012). 

Simultaneously, the data slower than 1 ms was recorded on a National Instrument 

DAQ card (NI USB-6251). Kinetic traces were typically obtained from the average of 

32 laser pulses. Samples were prepared by dispersing CNx in KPi (0.1 M, pH 4.5) or 

in NaDC hydrogel to the concentration of 1.67 mg mL–1, with or without 4-MBA and 

GO or RGO were added as required. The dispersion was transferred to 2 mm path 

length cuvettes. Samples in KPi were stirred prior to the start of each kinetic 

acquisition and were measured under Ar. Samples in hydrogel were degassed under 

Ar before all the acquisitions. Data was collected and processed using a home-built 

software written in the LabVIEW environment. 

For the PIAS experiments, the monitoring wavelength was chosen as  = 610 and 

800 nm for NCNCNx and H2NCNx respectively in a diffuse reflectance mode. The 

samples prepared were irradiated with an LED at  = 365 nm (0.5 mW.cm−2) for 2 

seconds followed by 58 seconds off for NCNCNx and 5 s off for H2NCNx, and a single 

acquisition per wavelength per sample was performed. 
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