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Abstract

Solar-driven CO2 reduction offers a sustainable route to carbon neutrality by converting 

greenhouse gases into value-added fuels. Here, we report a secondary coordination sphere 

design strategy that directs CO2 photoreduction selectivity toward methane (CH4). A redox-

active Ni complex (C1), incorporating two (6-amino-2-(phenylazo)pyridine) ligand with a 

pendant amine, exhibits markedly enhanced CH4 selectivity compared to control complexes 

lacking the pendant –NH2 group. Systematic evaluation of sacrificial donors, proton sources, 

and photosensitizers identified a dimeric Cu(I)-based photosensitizer (Cu-PS-1) as a cost-

effective alternative to Ir-systems, achieving TONCO2→CO = 4789, TONCO2→CH4 = 1130, and 

TONCO→CH4 = 3102, rivalling Ir-PS-1. Operando UV-vis, FTIR, and EPR spectroscopy, 

together with DFT calculations, revealed a stepwise 8e⁻/8H⁺ reduction pathway in which the 

pendant –NH2 group stabilizes key COOH and CHx intermediates through hydrogen bonding, 

lowering activation barriers and steering selectivity toward CH4. These results establish OCS 

engineering as a powerful design principle for earth-abundant molecular catalysts and highlight 

new opportunities for selective CO2-to-CH4 conversion in artificial photosynthesis and carbon 

valorization.

Keywords: Solar-driven CO2 reduction; Secondary coordination sphere; Nickel molecular 

complexes; Methane selectivity; Photocatalysis

Introduction

The growing demand for circularity and sustainable resources has highlighted the possibility 

of using carbon dioxide (CO2) as a feedstock to produce fuels and fine chemicals. Given these 

developments, solar-driven CO2 reduction offers a sustainable way to convert solar energy 

while simultaneously addressing global warming concerns.1–5 Converting solar energy into 
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chemical energy is particularly appealing, as it enables long-term and reliable energy storage 

compatible with existing infrastructure. However, the CO2 reduction step remains inherently 

slow due to the high thermodynamic stability of the molecule. Furthermore, achieving 

selectivity in the CO2 reduction process is challenging due to the possibility of generating 

numerous carbonaceous products at variable oxidation states,4 compounded by the rapid 

kinetics of the competing hydrogen evolution reaction (HER) under reductive conditions. To 

overcome these challenges, there is a growing need for efficient and selective catalysts that are 

both rationally designed and economically viable. Recent years have witnessed a growing 

interest in molecular catalysts that employ cost-effective first-row transition metals.6–8 Among 

them, earth-abundant nickel has emerged as an attractive alternative to leading 4d and 5d-metal 

(such as palladium and platinum)-based catalysts.9,10 Nickel can readily access multiple 

oxidation states, a property that underpins its catalytic versatility. Its central role in [NiFe] CO-

dehydrogenases (CODHs), which facilitate the reversible conversion of CO2 to CO, makes it a 

highly attractive candidate for photocatalytic CO2 reduction.11,12 Consequently, nickel 

complexes have been extensively explored as molecular catalysts for CO2 reduction. A series 

of mononuclear Ni-based catalysts, including Ni-N2S2 complexes,13,14 N-heterocyclic carbene 

(NHC) complexes,15,16 Ni-macrocyclic17–21, nickel polypyridine22,23 and other Ni-based24–26 

complexes, have demonstrated the capability to convert CO2 to CO via a 2e-/2H+ pathway. 

These studies highlight how both photochemical and electrochemical approaches can be 

employed to achieve efficient CO2 conversion using earth-abundant metal catalysts, sometimes 

even in the absence of metal-based photosensitizers. Despite these improvements, the 

production of fully reduced C1 species CH4 from CO2 and CO through the 8e-/8H+ or 6e-/6H+ 

pathways, respectively, remains a significant challenge. To date, only a limited number of 

studies have reported the production of CH4 from CO2 and CO using 3d metal-based catalysts 

via photochemical pathways. Robert and co-workers27 pioneered this field by employing an 

Fe-based molecular catalyst for the photocatalytic production of CH4 from CO2 and CO in the 

presence of triethanolamine (TEOA) as an electron donor under 420 nm light irradiation, 

achieving turnover numbers (TON) of 367 for CO and 159 for CH4, respectively (Figure 1). 

Later, the same group28 extended this work with the modification of the photocatalytic 

conditions, using 5,10-di(2-naphthyl)-5,10-dihydrophenazine and 3,7-di(4-biphenyl)-1-

naphthalene 10-phenoxazine as organic photosensitizers and TEOA as an electron donor with 

irradiation of 435 nm light (Figure 1). Recently, Delcamp and co-workers16 have strategically 

designed a novel series of Ni-based catalysts featuring redox-active macrocyclic ligand bearing 

bipyridyl N-heterocyclic carbene. These catalysts achieved the conversion of CO2 to CH4 with 
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a TON of up to 19,000 in the presence of Ir(ppy)3 as a photosensitizer (PS) and BIH as an 

electron donor under a solar-simulated light (Figure 1). Ir-based photosensitizers (Ir-PS) are 

widely utilized due to their high photo-stability, strong visible-light absorption, extended 

excited-state lifetime, and strong reducing strength of the excited state.29,30 Yet, the prohibitive 

cost and synthetic complexity of Ir-based photosensitizers remain major barriers to their 

practical use in CO2-to-CH4 conversion. Hence, there is a growing demand for cost-effective 

and sustainable alternatives. Researchers are actively exploring replacements such as organic 

(π-conjugated chromophores),31–34 Al-based,35 and 3d metal-based photosensitizers.36–39 

Among these, organic photosensitizers have gained significant attention due to their strong 

light absorption, high fluorescence quantum yields, and extended excited-state lifetimes, 

making them promising substitutes for noble-metal-based PS. 

Figure 1. (A) Reported mononuclear Fe catalysts for photochemical CO2/CO reduction reaction to CH4. 
(B) Reported mononuclear Ni-based catalyst for photochemical CO2/CO reduction reaction to CH4. (C) 
Present work: Redox-active ligand-based Ni-catalysts C1: Ni-(apap)2, C2: Ni-(pap)2, and C3: Ni-
(dipap)2.
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Copper(I)-based photosensitizers (Cu-PS) have gained prominence owing to their excellent 

photophysical properties and high earth abundance. The d10 configuration of Cu(I) prevents 

metal-centred excited states, resulting in strong luminescence and long-lived excited states.40 

Ishitani and co-workers demonstrated that binuclear heteroleptic Cu(I) photosensitizers exhibit 

significantly extended excited-state lifetimes (>10 μs) and greater oxidative power than their 

mononuclear homoleptic analogues.41 In parallel, Dey and co-workers reported that a 

secondary coordination sphere interactions in an Fe-based molecular catalyst enabled selective 

electrochemical conversion of CO to CH4.42 These studies emphasize the critical role of ligand 

design and secondary coordination effects in modulating catalytic activity and selectivity of 

CO2 and CO reduction.

This study explores a Ni-based molecular catalyst strategically designed to assess the influence 

of a pendant second-sphere amine group on the electrochemical and photochemical reduction 

of both CO2 and CO to CH4. A Ni-based complex (C1) was synthesized using two equivalents 

of the redox-active ligand 6-amino-2(phenylazo)pyridine) [apap], incorporating amine 

functionalities in the secondary coordination sphere. To systematically investigate its role, two 

additional Ni-based catalysts, C2 and C3, were synthesized, lacking the a pendant second-

sphere amine group but retaining similar primary coordination geometry. Photocatalytic CO2 

reduction reactions were conducted in CO2-saturated organic solvents under visible light 

irradiation (440 nm), while probing a range of combinations of sacrificial electron donors, 

proton sources, and photosensitizers (PS). The study evaluated a diverse range of 

photosensitizers, including Ir-based (Ir-PS-1, Ir-PS-2), organic (Cz-IPN), and newly 

developed PN(H)N ligand-containing binuclear Cu(I) PS with varying halogen bridges (Cl: 

Cu-PS-1, Br: Cu-PS-2, I: Cu-PS-3). Notably, Cu-PS-1 emerged as a highly stable and 

efficient photosensitizer, demonstrating superior TON compared to organic PS and serving as 

a promising cost-effective alternative to Ir-based PS. It achieved the apex in the optimized 

conditions with TONCO2→CO (4789), TONCO2→CH4 (1130) and TONCO→CH4 (3102), closely 

following the performance of Ir-PS-1 (TONCO2→CO 6323, TON CO2→CH4 1462 and TONCO→CH4 

(3897). However, Cu-PS-3 exhibited a gradual decline in photocatalytic activity after 30 hours 

of continuous irradiation, eventually becoming inactive under prolonged light exposure. This 

deactivation is attributed to the dissociation of the dimeric species and the concurrent formation 

of a catalytically inactive Cu(II) state. Overall, this study demonstrates that strategic ligand 

design and effective metal–ligand cooperativity are key factors in enabling selective and 
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efficient CH4 production from CO2 using earth-abundant metal catalysts. The catalytic systems 

exhibit consistent performance across a variety of photosensitizers and photochemical 

conditions, underscoring their potential applicability in solar fuel generation.

Figure 2. (A) Noble-metal Ir-based catalysts: [Ir{dF(CF3)ppy}2(bpy)]+ and  
[Ir{dF(CF3)ppy}2(dtbbpy)]+ , (B) Organic photosensitizers: 4-CzIPN ( 1,2,3,5-Tetrakis(carbazol-9-yl)-
4,6-dicyanobenzene) (C) 3d metal-based CuI catalysts, [(CuCl)2{PN(H)N}2-2-P,N], 
[(CuBr)2{PN(H)N}2-2-P,N] and [(CuI)2{PN(H)N}2-2-P,N].

Results and Discussion

To explore the influence of a redox-active ligand in photocatalytic CO2 to CH4 conversion, a 

nickel-based complex (C1) was synthesized, incorporating two (6-amino-

2(phenylazo)pyridine) [apap] as a ligand. The previously reported apap ligand was 

strategically selected due to its electron-rich azo functionality, which promotes efficient 

intramolecular charge transfer.43 Additionally, the presence of a free pendant second-sphere 

amine moiety enables effective proton relay, contributing to enhanced catalytic 

performance.43,44 The synthesis of C1 followed a one-step coordination strategy, where the 

yellow apap ligand was dissolved in dichloromethane (DCM) and treated with 0.5 equivalent 

Ni(ClO4)2·6H2O in a mixture of acetonitrile (ACN) and DCM. To further investigate the role 
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of the a pendant second-sphere amine group, two additional Ni-based complexes, C2 and C3, 

were synthesized using [pap]43 (2 equivalent) and [dipap]45 ligands (1 equivalent), 

respectively, where the a pendant second-sphere amine functionality is absent in both. The 

successful formation of all three complexes was initially confirmed by mass spectrometry, with 

the resulting isotopic patterns aligning well with theoretical predictions (Figure S1), and 

further CNH analysis further confirms the bulk purity of all three complexes (Figures S2-S4). 

Additionally, the complexes exhibited good solubility in polar aprotic solvents, such as 

dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), and dimethyl acetamide (DMA), 

facilitating further spectroscopic studies. The preliminary optical study of the complexes was 

executed in DMA, where three marked absorbance bands were observed between 190 and 1000 

nm. To determine the origin of these transitions, optical spectra were acquired for the free 

[apap] ligand. This ligand exhibited a π-π* transition around 300 nm (ε = 5615 M-1cm-1) 

(Figure S5). In contrast, the complex C1 showcased two peaks around 285 nm (ε = 5520 M-

1cm-1) and 306 nm (ε = 5488 M-1cm-1), which appear as a splitting of the ~300 nm peak 

observed in the ligand, presumably due to the lowering of symmetry (Figure S5). Moreover, 

the free ligand exhibited a peak at ~400 nm for an n-π* transition, while the complex showcased 

a strong broad band at ~450 nm ( = 5505 M-1cm-1). This band at ~430 nm is assigned to an 

overlap between ligand-based n-π* and [apap]  Ni(II) charge transfer transition (LMCT). 

The comparative FTIR spectra (Figure S6A) of the free apap ligand and the C1 complex 

displayed a subtle difference in the 3200-3500 cm-1 region. Here, the distinct N-H stretching 

and bending modes of the free ligand disappeared in the C1 complex, indicating the Ni-N 

coordination along with the possible hydrogen-bonding interactions.44 Next, to find out the 

electronic structure of the distorted tetrahedral Ni(II) complex X-band EPR measurements of 

the distorted tetrahedral Ni(II) complex were carried out at 77 K, where no signal was observed 

(Figure S6B). This behaviour is typical for high-spin Ni(II) (d8, S = 1) complexes, particularly 

those with low-symmetry geometries such as distorted tetrahedral coordination. In such cases, 

strong zero-field splitting (ZFS) often occurs, which can shift the EPR transitions outside the 

detectable range or cause significant line broadening, making the signal difficult to observe. 

Furthermore, fast relaxation processes and low population differences between spin states at 

77 K may also suppress the EPR signal. Nevertheless, DFT calculations confirm a high-spin 

state (S = 1) for the Ni(II) centre, supporting its paramagnetic nature (Figure S7). The lack of 

an experimental EPR signal is therefore attributed to ZFS and relaxation effects rather than the 

absence of unpaired electrons.46–52
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Figure 3. (A) The experimental EPR spectrum initial (dotted lines) and after 52 h (solid lines) under 
irradiation of light spectra of all the CuI-PS, CuI-PS-1 (violet trace), CuI-PS-2 (blue trace), CuI-PS-3 
(orange trace), photosensitizers recorded in DMA at 77 K without irradiation of light. (B) Comparative 
cyclic voltammograms (CVs) of blank DMA (without catalyst) solvent under 1 atmosphere-saturated 
CO2 (grey trace), 0.5 mM C1 under Ar (orange trace), CO2 (blue trace) atmosphere, and CO (green 
trace) atmosphere. All the data were recorded in DMA in the presence of 0.1 M nBu4N+BF4

- electrolyte 
at 0.1 V/s scan rate. The horizontal arrows signify the initial scan direction. 

To investigate the role of photosensitizers (PS) in photochemical CO2 reduction, a series of Ir- 

and Cu-based PS were synthesized and characterized. The Ir-based photosensitizer Ir-PS-1 

was synthesized following a previously reported procedure.44  The three Cu(I)-based 

photosensitizers (Cu-PS-1, Cu-PS-2, and Cu-PS-3) were synthesized as described in our 

recent report (Scheme S1)53. Furthermore, the purity and structural integrity of the synthesized 

photosensitizers were confirmed by 1H, 13C, and 31P NMR spectroscopy (Figure S8-S16).54  

The optical spectra of all the Cu-PS displayed a mixed * and n* broad transition at ~320 

to ~455 nm in DMA solvent (Figure S17).  To gain deeper insight into the oxidation state and 

electronic properties, EPR and cyclic voltammetry (CV) studies were performed. The EPR 

silence of Cu-PS-1, Cu-PS-2, and Cu-PS-3 confirmed that Cu remained in the +1 oxidation 

state, consistent with its d10 electronic configuration represented by a dotted line (Figure 6A). 

Redox behavior was further examined through CV analysis, which revealed distinct 

Cu(I)/Cu(0) reduction potentials at -1.3 V (Cu-PS-1), -1.6 V (Cu-PS-2), and -1.7 V (Cu-PS-

3) vs. FeCp2
+/0 (Figure S18). The increasing negative shift in redox potential correlated with 

the halide ligand influence, where Cu-I exhibited the weakest electron affinity, followed by 

Cu-Br and Cu-Cl, indicating a tunable electronic environment. These findings establish that 

the Cu-PS complexes are promising alternatives to Ir-based photosensitizers for photochemical 

CO2 reduction.
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Electrocatalytic CO2RR: After the preparation of the catalyst C1, the redox properties of the 

catalyst were examined by cyclic voltammetry in DMA media, with all the measured potentials 

reported against ferrocenium/ferrocene (FeCp2
+/0) redox couple. During a cathodic scan 

ranging from 0.12 V to -2.3 V, C1 exhibited four electrochemical responses at -0.7 V, -1.35 V, 

-1.5 V, and -1.8 V under the argon atmosphere (Figure 3B, Figure S19). Among these signals, 

the first response at -0.7 V is assigned to the NiII/I redox process,21,55,56 while the remaining 

three signals correspond to ligand-centred redox processes, as confirmed by comparison with 

a previously reported Zn analogue.66 To further validate these assignments, in situ 

spectroelectrochemical optical studies were performed. The emergence of a new peak around 

600 nm (under an applied potential of -0.9 V), coupled with the reduction of a peak near 450 

nm, confirms the transition from NiII to NiI (Figure S20).57 The formation of Ni(I) was further 

corroborated by EPR spectroscopy, where a rhombic signal was observed with three different 

g-values (g1 = 2.12, g2 = 2.02, and g3 = 1.976, g4 = 1.93) (Figure S21A).58–60 Additionally, to 

investigate the ligand-based contribution to the second peak, a similar EPR experiment was 

conducted at an applied potential of -1.3 V. The resulting spectrum, which shows a g-value of 

2.001 along with additional g-values (g1 = 2.12, g2 = 2.02, and g4 = 1.93) (Figure S21B), 

indicates the formation of a radical species along with the Ni(I) state.58,59,61 Moreover, to 

corroborate these experimental results, electronic structure calculations were performed. The 

first one-electron reduction is metal-centred, reducing Ni(II) to Ni(I), as confirmed by 

molecular orbital (MO) analysis, matching with spin density (S = 1/2) observed in EPR data 

(<g> = 2.1, Δg = 0.58) (Figure S21). The second reduction is ligand-centred, supported by 

MO/spin density analysis and elongation of the N=N bond to 1.333 Å, indicating the formation 

of Ni(I)–L• Figure S22. The resulting doubly reduced intermediate Ni(I)–L•  in Figure S22 

adopts a triplet state (S = 1), which is energetically favoured over the singlet species by 0.6 

kcal mol⁻¹. The unpaired electrons are distributed between the metal centre and the ligand. This 

is corroborated by EPR features (<g> = 2.076, Δg = 0.58; Figure S21B), confirming 

contributions from both centres. Upon introducing CO2, a sharp increase in reductive current 

was observed starting at −1.4 V vs. FeCp2
+/0, coinciding with the first ligand reduction peak 

(Figure 3B). Upon addition of phenol (PhOH) as an external proton source, the reductive signal 

increased slightly, consistent with the involvement of proton-coupled electron transfer (PCET) 

during CO2 activation (Figure S19). Hence, these CV experiments underline the inherent 

activity of the C1 complex for electrochemical CO2 reduction. To assess catalytic activity and 

product distribution, bulk electrolysis was carried out under CO2-saturated DMA with phenol 
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as the proton source at -1.6 V (Figure S23). Gas chromatography of the electrochemical cell 

headspace, following the electrolysis, confirmed the generation of CO and H2 during 

electrocatalysis, affording TONCO ≈ 19 (Figure S24A). In contrast, in the absence of a proton 

source, CO production decreased to TONCO ≈ 12, underscoring the importance of proton 

donors in facilitating CO2 reduction. To further assess the reactivity of C1 toward CO 

activation, CV experiments were performed under 1 atm CO in DMA. A distinct reductive 

wave at −1.25 V was observed, which intensified upon addition of phenol, indicating enhanced 

CO reduction (Figure 3B, Figure S19). Bulk electrolysis of C1 under CO-saturated DMA with 

phenol at −1.5 V vs FeCp2
+/0 (Figure S23) yielded CH4 and H2 as gaseous products, with 

TONCH4≈ 16. In the absence of phenol, CH4 formation was markedly lower (TONCH4 ≈ 9), 

confirming the critical role of proton transfer in enabling multi-electron CO reduction to CH4. 

Electrochemical evaluation of C2 and C3 revealed increased current densities under CO2 

compared to Ar, with onset potentials of −1.45 V (C2) and −1.48 V (C3), suggesting CO2RR 

activity (Figures S25–S26). However, bulk electrolysis produced only modest amounts of CO 

(TONCO ≈ 6 for C2; ≈ 2 for C3), and phenol addition had no measurable effect on product 

distribution. Together, these results highlight the unique contribution of the pendant amine 

group in C1, which likely engages in proton-coupled electron transfer (PCET) to stabilize 

reduced Ni intermediates and promote selective CO2RR. The absence of this feature in C2 and 

C3 correlates with diminished activity and efficiency. While C1 exhibits intrinsic competence 

for CO2 and CO reduction, its comparatively modest turnover under electrochemical conditions 

suggests that the distinct reaction environment under photocatalytic conditions, including the 

reducing power of the photosensitizer, proton availability, and PCET processes, plays an 

important role in promoting selective CO and CH4 production.

Photocatalytic CO2RR: 

Building on the electrochemical CO2 reduction studies, the photocatalytic performance of C1 

was evaluated under visible-light irradiation in CO2-saturated, proton-enriched DMA solvent 

using BIH with 10% v/v TEOA as the sacrificial electron donor (SED). A series of 

photosensitizers (PS) were systematically screened, including Ir-PS-1, Ir-PS-2, CzIPN, and 

the Cu(I)-based dimers Cu-PS-1, Cu-PS-2, and Cu-PS-3 (Figure 2). Prior to photocatalytic 

testing, cyclic voltammetry and optical spectroscopy were employed to establish the redox 

potentials and absorption profiles of the PSs (Figures S27–S29). Fluorescence quenching 

experiments were subsequently performed to probe excited-state electron transfer processes. 
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BIH efficiently quenched the steady-state photoluminescence (PL) of all PSs (Figures 4, S30–

S32), confirming rapid photoinduced electron transfer from BIH to the excited PS. In contrast, 

incremental addition of C1 produced negligible quenching of PL intensity (Figures 4, S33–

S34). These results rule out direct excited-state energy or electron transfer from the PS to C1. 

Instead, the data support a mechanism in which the reduced PS, generated by reductive 

quenching with BIH, serves as the effective electron donor to C1, thereby initiating the 

photocatalytic CO2 reduction cycle.

Optimized Photocatalytic Conditions and Selectivity: 

Photochemical CO2 reduction experiments were performed in a gas-tight quartz vessel under 

monochromatic 440 nm irradiation and systematically optimized by varying the PS, SED, 

proton source, and other parameters (Table S1). Gaseous products were analyzed by gas 

chromatography, while the liquid phase was probed using ion chromatography and NMR 

spectroscopy. The dominant products were CO and CH4, with only trace H2 observed; no liquid 

products were detected. Under optimized conditions with Ir-PS-1, C1 produced CO with a 

TON of 6323 after 32 h irradiation (Figures 4A, S35; Table S1, entry 8). Intriguingly, 

prolonged irradiation led to a gradual decline in CO formation accompanied by increased CH4 

production, reaching a TON of 1462 after 68 h with a TOF of 22 h⁻1 (Figures 4C, S35–S37). 

This temporal shift highlights the ability of C1 to mediate deeper CO2 reduction, expanding 

the reduction cycle from CO to CH4. The addition of an external proton source significantly 

enhanced activity (Table S1, entry 1 vs. entry 8), underscoring the role of the pendant –NH2 

group in facilitating proton relay. Systematic variation of phenol concentration revealed that 

CO production peaked at 0.12 mM (Figure S38A). At higher concentrations, CO turnover 

declined while H2 generation increased, reflecting competitive proton reduction. CH4 

formation exhibited a stronger dependence on proton concentration relative to CO, consistent 

with its more demanding 8e⁻/8H⁺ pathway versus the 2e⁻/2H⁺ requirement for CO formation. 

Together, these results establish that proton availability critically governs product selectivity, 

while the –NH2 group within C1 promotes intramolecular hydrogen bonding and accelerates 

PCET processes. At excessive proton loadings, this advantage shifts toward parasitic H2 

evolution, revealing a delicate balance between proton concentration and selective CO2-to-

CO/CH4 conversion.
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Comparison with C2 and C3 and the Critical Role of the -NH2 Group: 

To delineate the role of the a pendant second-sphere amine (−NH2) group in secondary 

coordination sphere interactions, photocatalytic CO2 reduction was evaluated with C2 and C3 

under conditions identical to those used for C1. In sharp contrast, both C2 and C3 selectively 

generated CO, with TON values of 2758 (C2, 68 h) and 2251 (C3, 68 h) (Table S1, entries 24 

and 28; Figures S39–S40). Importantly, variation in proton source concentration produced no 

measurable effect on CO output (Figures S38 vs S41), confirming the inability of these 

catalysts to access deeper reduction pathways beyond CO formation. This divergence 

highlights the critical function of the pendant −NH2 group in C1. Its presence not only 

enhanced CO2-to-CO turnover (~5-fold higher TON compared to C2 and C3) but also uniquely 

enabled CH4 production, a transformation absent in the control complexes. The ability of C1 

to engage in PCET via intramolecular proton relay appears decisive in lowering barriers for 

multi-electron reduction beyond the 2e⁻/2H⁺ step. These findings firmly establish C1 as a 

selective and efficient photocatalyst, with secondary coordination sphere engineering serving 

as a powerful lever for tuning product distribution. Achieving visible-light-driven CO2-to-CH4 

conversion, a rare outcome for molecular 3d-metal catalysts, demonstrates the potential of 

rational ligand design in orchestrating complex multi-electron photochemical processes. 

Moreover, the pronounced dependence of product selectivity on proton availability provides 

guiding principles for the design of next-generation photocatalysts aimed at efficient solar-to-

fuel conversion. Building on this foundation, the system was next examined with organic and 

3d-metal-based photosensitizers (PSs) to eliminate reliance on noble-metal PSs. In the presence 

of CzIPN, C1 exhibited CO production with a TON of 3634 after 32 h (Table S1, entry 11; 

Figures 4A, S42). As observed with Ir-based systems, CO turnover decreased over time, while 

CH4 formation increased, reaching TONCH4 ≈ 498 after 68 h (Figures 4B, S42). Although 

organic PSs such as CzIPN provide a cost-effective alternative to noble-metal-based PSs, their 

moderate catalytic activity and limited photostability remain major drawbacks, motivating the 

exploration of 3d-metal-based PSs.

Copper Photosensitizers-Performance and Selectivity:

Three dimeric Cu(I) PSs (Cu-PS-1, Cu-PS-2, Cu-PS-3) bearing halogen bridges (Cl, Br, I) 

were evaluated for CO2RR. Cu-PS-1 showed the highest activity, producing CO with TON ≈ 

4789 (Table S1, entry 12; Figures 4A, S43) and CH4 with TON ≈ 1130 after 68 h (Figures 

4B, S43). Cu-PS-2 produced CO with TON ≈ 4007 and CH4 with TON ≈ 642 (Table S1, entry 
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13; Figures 4A–B, S44), whereas Cu-PS-3 was significantly less active (TONCO ≈ 2579; 

TONCH4 ≈ 364) (Table S1, entry 16; Figures 4A–B, S45). Notably, Cu-PS-2 and Cu-PS-3 

deactivated after 62 h and 42 h, respectively, accompanied by visible solution colour changes, 

while Cu-PS-1 retained activity beyond 68 h without degradation.

Mechanistic Insights into Cu(I) PS Deactivation:

In situ EPR, 1H NMR, and 31P{1H} NMR revealed progressive conversion of CuI-X-CuI dimers 

(X= I, Br) to Cu(II) species during extended irradiation, particularly for Cu-PS-3. Broadening 

and disappearance of NMR signals (Figures S46–S53) and the emergence of paramagnetic 

EPR features (g ≈ 2.1, hyperfine splitting for I = 3/2; Figure 3A) confirmed Cu(I)→Cu(II) 

oxidation. Fluorescence quenching studies further demonstrated the loss of excited-state 

activity after 62 h (Figures S32B, S54). DFT calculations provided a mechanistic basis, 

showing that weaker orbital overlap and lower-lying antibonding orbitals in Cu-PS-3 facilitate 

Cu–I bond cleavage upon photoexcitation, triggering deactivation. Among the three Cu(I)-

based dimeric photosensitizers (PS), the Cu-halogen bond strength follows the trend: Cu—

Cl—Cu >> Cu—Br—Cu > Cu—I—Cu. This is attributed to the poor orbital overlap between 

the Cu 3d orbital and the larger, more diffuse valence p orbital of iodine, as well as the lower-

lying lowest unoccupied molecular orbital (LUMO or anti-bonding orbital) of Cu-PS-3, as 

revealed by DFT calculations. Upon photoirradiation, electron excitation into this antibonding 

orbital leads to cleavage of the Cu-I-Cu bridging bond. Consequently, the Cu(I) centre is 

oxidized to Cu(II), resulting in the loss of photosensitizer properties and termination of CO2 

reduction activity. This deactivation pathway is supported by EPR spectroscopy (Figure S55).  

It was previously discussed that the lifetime of triplet excited states of Cu(I) systems, having a 

d10 configuration, is much longer than that of Cu(II) systems. Hence, the Cu(I) acts as a 

photosensitizer. These findings establish Cu-PS-1 as the most efficient and stable 

photosensitizer, maintaining long-term catalytic activity without significant structural 

degradation. In contrast, Cu-PS-3 deactivates due to Cu(I)→Cu(II) conversion, triggered by 

weak Cu-I bonds and LUMO-mediated bond cleavage. The combined EPR, NMR, 

fluorescence, and DFT results highlight fundamental structure-stability relationships and 

provide design principles for next-generation Cu-based photosensitizers for sustainable 

CO2RR.

Photocatalytic CO reduction reaction (CORR): 
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During extended photochemical CO2 reduction (>32 h), a striking shift in product selectivity 

was observed: in situ-generated CO was progressively consumed and converted into CH4. This 

observation motivated a direct evaluation of photocatalytic CO reduction (CORR) under 

otherwise identical conditions, substituting CO for CO2 as the feedstock. Remarkably, CH4 

formation was significantly enhanced, with TONCH4 values substantially exceeding those 

obtained under CO2-saturated conditions. After 30 h of irradiation, TONCH4 values reached 

3897 (Ir-PS-1), 3685 (Ir-PS-2), 1250 (CzIPN), 3102 (Cu-PS-1), 1587 (Cu-PS-2), and 784 

(Cu-PS-3) (Table S1, entries 18–26; Figures 4C-D, S56). These results correspond to an 

approximate twofold increase in CH4 production relative to CO2RR, strongly implicating CO 

as a more reactive intermediate. Because CO requires fewer proton-electron equivalents for 

full reduction to CH4, CORR emerges as the more favourable pathway under photochemical 

conditions. Given the expected involvement of proton-coupled electron transfer (PCET) during 

CO hydrogenation, the effect of proton source concentration was systematically probed using 

Ir-PS-1. An optimal concentration of phenol (PhOH) increased TONCO→CH4 by ~30% 

compared to reactions without added proton donor (Table S1, entries 15 vs 16; Figure S41). 

However, excessive protonation promoted parasitic hydrogen evolution (HER), evidenced by 

a rise in H2 production (Figures S40–S41), underscoring the delicate balance of proton 

availability required for selective 6H⁺/6e⁻ conversion of CO to CH4.  Finally, to confirm that 

methane originated exclusively from the CO2 reduction pathway, isotope-labelling experiments 

were conducted with 13CO2. Gas chromatography–mass spectrometry (GC–MS) analysis of the 

headspace products revealed the characteristic m/z = 17 signal for 13CH4, unambiguously 

verifying that CH4 formation derived solely from the introduced CO2 feedstock (Figures S57–

S59). To further probe the importance of ligand effects in PCET, photochemical CO reduction 

experiments were conducted with C2 and C3, which lack the secondary -NH2 functional group 

present in C1. Strikingly, while C2 facilitated CH4 formation with a TONCH4 of 88 after 32 

hours (Table S1; Entries 25-30), C3 exhibited no activity for CO to CH4 conversion even in 

the presence of 0.6 mM phenol as a proton sources, confirming that the a pendant second-

sphere amine group plays a pivotal role in facilitating proton transfer during CORR. This result 

aligns with previous CO2RR findings, further demonstrating that rational ligand design 

incorporating proton relays is essential for achieving selective multi-electron CO2 and CO 

reduction to CH4.
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Figure 4. (A) Progress of photocatalytic CO2 to CO conversion and (B) CO2 to CH4 conversion over 
time using individual photo-sensitizers Ir-PS-1, Ir-PS-2, CzIPN, Cu-PS-1, Cu-PS-2, and Cu-PS-3 
along with the catalyst C1, phenol as a proton source, and BIH as sacrificial donor in a different photo-
setup under irradiation of 440 nm light under CO2 saturated condition. (C) Progress of photocatalytic 
CO to CH4 conversion over time using individual photo-sensitizers Ir-PS-1, Ir-PS-2, CzIPN, Cu-PS-
1, Cu-PS-2, and Cu-PS-3 along with the catalyst C1, phenol as a proton source, and as sacrificial donor 
in a different photo-setup under irradiation of 440 nm light in a CO-saturated condition. (D and E) The 
comparative progress of photocatalytic CO2 to CO and CH4 in terms of TON in presence of (D) Ir-PS-
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1 and (E) 3d-metal-based PS, Cu-PS-1 with the catalyst C1, phenol as a proton source, and BIH as 
sacrificial donor in a different photo-setup under irradiation of 440 nm light under CO2 saturated 
condition. (F) The comparative progress of photocatalytic CO to CH4 in terms of TON in presence of 
Ir-PS-1 and 3d-metal-based PS, Cu-PS-1 with the catalyst C1, phenol as a proton source, and BIH as 
sacrificial donor in a different photo-setup under irradiation of 440 nm light under CO saturated 
condition. All the photochemical experiments were carried out under 2 μM catalyst concentration in 
DMA (2 mL), BIH (0.2 M) as the electron donor, and Photosensitizer (PS) (8 mM), irradiated with a 
440 nm LED.

Mechanistic Insight for Electrochemical CO2/CO to CH4 via in situ spectroscopic studies: 

C1 operates as a dual active catalyst for the transformation of CO2 and CO to CH4, functioning 

under both electrochemical and photocatalytic conditions. Under photochemical conditions, 

the conversion of the CO2 to CH4, whereas in electrochemical conditions, CH4 formation 

proceeds through a stepwise pathway involving CO intermediates. In this work, a 

comprehensive mechanistic framework for the CO2 to CH4 conversion is advanced, supported 

by in situ spectroscopic analyses and corroborated by DFT calculations. A combination of EPR, 

FTIR, and UV-vis spectroscopy was employed to monitor reaction intermediates under 

controlled CO2 and CO atmospheres. Complementary DFT studies elucidated the critical role 

of the pendant second-sphere amine (–NH2) group, which stabilizes CO2- and CO-bound 

intermediates through hydrogen bonding interactions. The catalytic cycle commences with the 

stepwise two-electron reduction of [NiII(L)2] to the catalytically active [LNi(I)–L• species 3 

(Figure 6). The formation of species 3 was established through in situ spectroscopic 

experiments and supported by DFT analysis (Figures S21-S22). Upon exposure to CO2, 

nucleophilic attack by 3 on the electrophilic carbon centre of CO2 yields a CO2 adduct (species 

4). Protonation of this intermediate generates a Ni–COOH species (5), identified by the 

appearance of a new FTIR band at 1652 cm–1, attributable to the C=O stretch of the Ni-bound 

COOH moiety (Figure S60). Additional vibrational features at 2100 cm–1 and 1962 cm–1 

confirmed the presence of Ni–CO and free CO, respectively (Figure 5A).62 To substantiate 

these assignments beyond qualitative vibrational analysis, isotopic labelling experiments using 
13CO2 were performed. Upon replacing 12CO2 with 13CO2, the CO stretching vibration shifts 

from 1962 cm⁻1 to 1911 cm⁻1 for the Ni-CO adduct (Figure S60), and the COOH-related band 

shifts from 1652 cm⁻1 for Ni(II)-12COOH to 1598 cm-1 the corresponding lower-frequency 
13COOH analogue, consistent with the expected isotopic mass effect (Figure 5C). These FTIR 

spectra were recorded under identical conditions at a catalyst concentration of 30 mM, with the 
12CO2-derived (pink) and 13CO2-derived (green) adducts showing clear, systematic isotope-

dependent shifts. To further validate formation of the Ni–CO intermediate (6), in situ FTIR 

studies were performed under CO-saturated conditions, revealing a progressive increase in the 
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1950 cm–1 band, consistent with accumulation of Ni–CO species (Figure 5B). This conclusion 

was reinforced by control EPR experiments, wherein exposure of NiI (2) to CO yielded a 

distinct spectrum diagnostic of Ni–CO formation (species 6). Once generated, species 6 can 

either release CO, regenerating the catalyst (CO2 to CO pathway), or undergo further reduction 

via a 6H+/6e– sequential route to CH4 (CO to CH4 pathway; Figure S24B). The pendant second-

sphere amine group plays a pivotal role at this stage, providing a proton relay network that 

lowers the barrier for CO protonation and facilitates multi-electron reduction. In its absence, 

as in catalysts C2 and C3, CH4 formation is markedly suppressed. Stepwise CH4 evolution 

proceeds from Ni–CO species 6 through successive two-electron reductions, affording the 

reduced intermediate 7 (Figure 6). Species 7 engages in a proton-coupled electron transfer 

(PCET) sequence, mediated by –NH2 interactions, to form intermediate 8. Subsequent PCET 

steps traverse intermediates 9 and 10, culminating in the formation of a CH3-bound NiIII species 

(11), in the catalytic cycle.58,63 DFT calculations were used to characterize the unstable 

intermediates 9 and 10, while EPR spectroscopy provided direct evidence for intermediate 11. 

Specifically, EPR spectra recorded under CO-saturated conditions at –1.5 V displayed a 

distinct signal attributable to NiIII–CH3 (11), distinct from previously observed species (Figure 

S21E). Further validation came from chemical oxidation of NiII to NiIII with ceric ammonium 

nitrate (CAN), affording an EPR spectrum in excellent agreement with that of species 11 

(Figure S21F).58,63  To further validate the formation of the CH3-bound Ni(III) intermediate 

under photochemical conditions, a series of key photochemical experiments were conducted in 

the presence of CO.64–66 The experiments were performed in a gas-tight quartz vessel under 

440 nm visible monochromatic light, employing BIH as an electron donor, Ir-PS-1 as a 

photosensitizer, PhOH as a proton source, and 5 equivalents of CH3I under CO-saturated 

conditions. The gaseous and liquid products were monitored at different time intervals using 

gas chromatography (GC) and ion chromatography (IC), respectively.  Initially, after 1 hour of 

irradiation, no detectable gaseous or liquid products were observed. However, after 3 hours, 

GC analysis revealed the formation of CH4 and C2H6 as the sole gaseous products (Figure 

S61). The production of CH4 and C2H6 continued to increase over time, with a significant rise 

observed after 6 hours, while no liquid-phase products were detected throughout the 

experiment. To investigate the mechanistic pathway of C2H6 formation, particularly its 

potential generation via a radical-mediated reaction involving Ni-CH3 and CH3I, control 

experiments were conducted (Figure S61). When the reaction was performed in the absence 

of the catalyst, neither CH4 nor C2H6 was detected. In contrast, when CH3I was omitted, only 

CH4 formation was observed, with no detectable C2H6. Collectively, these photochemical and 
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electrochemical investigations provide compelling evidence that methane formation proceeds 

through the intermediate species 11 and 12, supporting the proposed mechanistic framework.

Figure 5. (A) The gradual change in the FTIR spectra of the complex C1 (30 mM) around 2400-1900 
cm-1 region during a spectroelectrochemistry experiment in a 100% CO2 atmosphere executed at -1.6 V 
vs. FeCp2

+/0.  The vertical arrows highlight the appearance of υCO signal, υNi-CO
 signals, and 

simultaneous disappearance ofυCO2 (B) The in-situ generation of the υNi-CO
 through the purging of CO 

gas into the DMA solution of one electron reduce species, [NiI(pap)2]. (C) FTIR spectra of Ni(II)-
12COOH (1652 cm-1) vs. Ni(II)-13COOH (1598 cm-1) adduct in solvent (catalyst concentration 30 mM). 
The pink spectra represent the 12CO2 adducts of the catalyst C1, and the green ones represent its 13CO2 
adducts. All data were recorded in DMA media at 298K temperature with a Pt-mesh working electrode, 
Pt wire counter electrode, and Ag microware pseudo–reference electrode assembled in an OTTLE cell.

As discussed earlier, fluorescence quenching studies were performed to investigate the 

photocatalytic mechanism involving C1 using several photosensitizers, including Ir-based 

PSs, CzIPN, Cu-PS-1, Cu-PS-2, and Cu-PS-3. The addition of C1 caused negligible changes 

in the fluorescence intensity of the photosensitizers, whereas BIH induced significant 

fluorescence quenching. These results indicate that the photocatalytic reaction proceeds via a 

reductive quenching pathway, where BIH reductively quenches the excited photosensitizer. To 

further elucidate the mechanistic details, optical spectroscopic studies were conducted in the 

presence of the C1, Ir-PS-1, and BIH under both Ar and CO2 atmospheres with 440 nm light 

irradiation. The reaction is initiated by the photoexcitation of [Ir-PS-1]+, generating a mixed 

excited-state involving 3MLCT (t2g→π*N=N) and 3LC (πC=N→π*N=N) transitions. This excited 

state undergoes reductive quenching by BIH, resulting in the formation of [Ir-PS-1]0 and the 

oxidized form of BIH (BIH•⁺), which rapidly deprotonates to form BI•. The radical species BI• 

is a highly reducing intermediate (E₀ (BI•/BI⁺) = −2.06 V vs. FeCp2⁺/⁰) and can subsequently 

reduce another molecule of [Ir-PS-1]+, yielding two equivalents of [Ir-PS-1]0 in the overall 

photoinduced process.29,30,67,68  The reduced [Ir-PS-1]0 species serves as an electron donor to 

facilitate the stepwise reduction of C1 and generate [NiI(APAP˙⁻)].  The appearance of a new 

absorption peak around 600 nm in the optical spectra recorded under an Ar atmosphere after 3 

hours of light irradiation indicates the reduction of Ni(II) to Ni(I). This reduction was further 
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corroborated by spectroelectrochemical studies, where a similar absorption feature emerged 

upon applying a potential of -0.95 V vs. FeCp2
+/0. The consistency of this spectral signature 

under both photochemical (Figure S62A) and electrochemical (Figure S62B) conditions 

provides strong evidence that Ni(II) reduction to Ni(I) occurs via the reductive quenching of 

Ir-PS-1. Interestingly, under identical photocatalytic conditions in the presence of CO2, the 

diminishing peak intensity around 600 nm, accompanied by the simultaneous emergence of a 

new peak in the 500–550 nm region, confirms the formation of a CO2 adduct species. However, 

the CV studies under Ar vs. CO2 and our previously reported Cu-based analogoes depict the 

CO2RR going through a ligand-induced, metal-based pathway.43 Upon light irradiation, similar 

to Ir-PS-1, Cu-PS-1 undergoes photoexcitation to its triplet excited state, 3[CuI-PS]*, which is 

subsequently quenched by BIH, forming an unstable reduced species. This reduced species 

then undergoes sequential electron transfer steps and forms [Ni(II)(L)2] to [LNi(I)–L• . Thus, 

the catalytic cycle begins with the successive two-electron reduction of the Ni(II) centre and 

the ligand moiety, generating the intermediate species 3 through the reductive quenching of the 

photosensitizer (PS). Next, in the presence of CO2, the reduced species C reacts with CO2 to 

form a CO2 adduct species 4, as confirmed by in situ optical spectroscopic studies under 

identical photochemical conditions. Species 4 then undergoes a proton-coupled electron 

transfer (PCET) pathway, leading to the formation of a CO-bound Ni species 6 followed by 

intermediate species 5, accompanied by the elimination of H2O. The resulting NiII-CO 

intermediate can either release CO, regenerate the Ni(II) catalyst, or proceed through a 6e⁻/6H⁺ 

reduction pathway, ultimately forming CH4 as the final product. 

Moreover, to further investigate whether the observed photocatalytic activity originates from 

molecular Ni species or from any in situ generated metallic Ni nanoparticles, mercury (Hg) 

poisoning experiments were performed during photocatalysis. Mercury is known to selectively 

amalgamate with metallic nanoparticles, thereby suppressing heterogeneous metal-mediated 

catalytic pathways. Under Hg-treated conditions, the TON values for both CO and CH4 

formation exhibited only a marginal decrease (<5%) compared to the standard reaction 

conditions (Figure S63). This minimal change indicates that heterogeneous Ni-based species, 

if formed at all, contribute negligibly to the overall catalytic performance. To further verify the 

absence of nanoparticle formation, dynamic light scattering (DLS) analyses were conducted 

during the photocatalytic reaction to monitor the possible generation of colloidal or particulate 

species. Importantly, no detectable nanoparticles or aggregates were observed throughout the 

course of catalysis (Figure S64). Collectively, the Hg poisoning experiments together with the 
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DLS analyses strongly support that the photocatalytic CO2 reduction in this system proceeds 

predominantly through a homogeneous molecular Ni catalytic pathway, with no evidence for 

the formation of catalytically active Ni nanoparticles under the applied experimental 

conditions.

Figure 6. A probable mechanistic pathway for CO2 to CH4.

Mechanistic Insight for Electrochemical CO2/CO to CH4 in the light of DFT Calculation:

The first electron reduction is metal-centred, converting NiII to NiI. DFT analysis of molecular 

orbitals and spin density distributions (Figure S22) indicates spin localization at the Ni centre, 

consistent with an S = 1/2 state. This assignment is corroborated by the EPR spectrum of the 

reduced complex, which exhibits a rhombic signal (g = 2.1, Δg = 0.58; Figure S21). The second 
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reduction is ligand-centred, generating the NiI–L•– species. MO and spin density analyses, 

together with elongation of the N=N bond from 1.269 to 1.333 Å, support occupation of the 

azo π* orbital. The doubly reduced species (3) adopts a triplet ground state (S = 1), which is 

favoured by 0.6 kcal mol–1 over the singlet counterpart. This configuration corresponds to 

independent spin localization on the NiI centre and the azo-functionalized ligand. The 

electronic arrangement is further supported by EPR spectroscopy, which shows a signal at g = 

2.076 with Δg = 0.58 (Figure S21). CO2 activation proceeds via electron transfer from NiI to 

the substrate, affording a NiII–CO2
•– adduct (4). Protonation at the pendant –NH2 group 

produces a hydrogen-bonded [4+H⁺] species, where the CO2 radical anion is stabilized by an 

O···H–N interaction of 1.636 Å. This interaction promotes formation of the Ni–COOH 

intermediate (5) through TS1 with a computed barrier of 1.83 kcal mol–1 (Figure 7). 

Intermediate 5 is further stabilized by intramolecular hydrogen bonding between the carboxyl 

oxygen and the ligand –NH group (1.756 Å), underscoring the critical role of the pendant amine 

in consolidating reactive intermediates. The Ni–COOH species undergoes protonation and 

water elimination to generate the Ni–CO adduct (6), completing the two-electron reduction of 

CO2 to CO. The catalytic cycle then extends beyond CO formation. A second two-electron 

reduction (NiII → NiI and L → L•–) affords intermediate 7 in a triplet spin state (S = 1), favoured 

by 12 kcal mol–1 relative to the singlet state. Intermediate 7 engages in PCET via TS2 to form 

8, corresponding to the formal reduction of –CO to –CHO, as supported by elongation of the 

C–O bond (Figure 7). A subsequent PCET step converts 8 to 9 via TS3, which then undergoes 

further reduction and protonation to afford 10 (Figure 7). Protonation of 10, accompanied by 

water elimination, generates the NiIII–CH3 intermediate (11). DFT calculations assign a quartet 

spin state (S = 3/2), more stable than the corresponding doublet by 26.8 kcal mol–1 (Figure 

S65). The Ni oxidation state in 11 is assigned as NiIII, supported by in situ EPR spectroscopy, 

which displays diagnostic features distinct from other Ni species (Figure S21E–F). A final 

one-electron reduction of 11 yields intermediate 12, which upon protonation, releases CH4 as 

the terminal product and regenerates the catalytically active species 1. Notably, photochemical 

studies reveal that the same intermediates are accessed under light-driven conditions. Under 

CO-saturated irradiation at 440 nm in the presence of CH3I, BIH, Ir-PS-1, and PhOH; CH4 and 

C2H6 were the only gaseous products observed (Figure S61). Control experiments established 

that C2H6 arises from radical coupling between Ni–CH3 and CH3I, whereas omission of CH3I 

yielded only CH4. These observations provide direct experimental support for NiIII–CH3 (11) 

as a key intermediate under both electrochemical and photochemical regimes. Taken together, 

the combined DFT and spectroscopic data converge on a unified mechanistic framework for 
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CO2-to-CH4 conversion. In this pathway, the pendant –NH2 group serves as a proton relay, 

stabilizing reactive intermediates and lowering barriers for PCET events, while cooperative 

metal–ligand redox activity orchestrates the multielectron sequence. Importantly, the same 

mechanistic principles apply under electrochemical and photochemical conditions, 

underscoring the generality of C1 as a dual-active catalyst for selective CH4 evolution.

Figure 7. (A, C, and D) The optimized geometry of transition state TS2 highlights a significant 
secondary coordination sphere coordination sphere effect, characterized by a secondary hydrogen-
bonding interaction between the free –NH2 group and the Ni-coordinated CO2 molecule. Relative 
energies of the various spin states are reported in kcal/mol. All bond distances are given in Å. For 
clarity, hydrogen atoms are omitted from the structures except for those bonded to the free –NH2 group. 
(B) Gibbs free energy diagram (kcal/mol) for DFT-optimized structures of six coordinated CO adducts 
with the NiL2 complex (6) Ni(II)–CO, (7) Ni(I)–CO, (8) Ni(II)–CHO, (9) Ni(II)–CHOH, and (10) 
Ni(I)–CH2OH. Color codes: carbon → gray, hydrogen→ white, nitrogen → blue, oxygen → red, and 
nickel → bluish gray.

Conclusion

This work establishes a redox-active (6-amino-2-(phenylazo)pyridine)-nickel complex (C1) as 

an efficient and sustainable molecular platform for the selective reduction of CO2 to CH4 under 

both electrochemical and photochemical conditions. Although electrolysis afforded only 
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modest activity, coupling C1 with visible-light photosensitizers and optimized proton/electron 

sources resulted in dramatic improvements in efficiency and product selectivity. Notably, 

Cu(I)-based photosensitizers with tuneable halide bridges were identified as effective, earth-

abundant alternatives to Ir-systems, with Cu-PS-1 delivering turnover numbers (TONs) for 

CO2-to-CO (4789), CO2-to-CH4 (1130), and CO-to-CH4 (3102) that rival state-of-the-art 

noble-metal photosensitizers. Comprehensive mechanistic probing, combining DFT with in 

situ EPR, FT-IR, UV-vis, and electrochemical analyses, revealed that catalysis proceeds 

through a cooperative metal-ligand redox pathway. The Ni centre and azo-functionalized 

ligand undergo sequential reductions to generate a Ni–CO2 adduct, followed by proton-coupled 

electron transfer steps leading to CH4. Crucially, the pendant –NH2 functionality facilitates 

hydrogen bonding to stabilize key COOH and CHx intermediates and lowers kinetic barriers 

along the multielectron pathway. Direct detection of a NiIII–CH3 species provides experimental 

support for C–H bond formation as the final step in methane evolution, with identical 

intermediates observed under both electrochemical and photochemical regimes. Together, 

these findings define a unified mechanistic framework for C1-mediated CO2 reduction and 

underscore the broader potential of redox-active ligand scaffolds in molecular catalyst design. 

By demonstrating that earth-abundant transition metals, when paired with properly engineered 

ligands and photosensitizers, can mediate the full eight-electron conversion of CO2 to CH4, this 

study establishes design principles for next-generation systems in artificial photosynthesis and 

carbon valorization. More broadly, this work highlights the promise of integrating low-cost, 

tuneable molecular architectures with solar energy input to advance sustainable fuel production 

and scalable carbon recycling technologies.
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