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Abstract: Silver nanoclusters capped in bovine serum albumin (AgNC@BSA) were 

synthesized and applied for electrocatalytic reduction of CO2. Inspired by the fact that many 

enzymes function only in the presence of coenzymes/cofactors which transfer 

electrons/protons or other groups, an electron transfer mediator is introduced to facilitate the 

electrical communication between the electrode and the strongly protected catalyst. 

AgNC@BSA catalyst mediated by [α-SiW12O40]4- showed high electrocatalytic activity for 

CO2 reduction, which was not observed with either on its own, in dimethylformamide 

containing 1% v/v water, and produced CO as the major product with excellent faradaic 

efficiency (> 75%). The onset potential for this catalytic CO2 reduction process is about 400 

mV more positive than that found at a bulk silver electrode. This mediator-enhanced catalysis 

concept provides a general approach to investigate the electrocatalytic activities of 

nanoclusters, which remain largely unexplored.   
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Introduction 

Metal nanoclusters typically consist of a few to tens of atoms and are < 2 nm in size, 

which falls between molecular sizes and larger nanoparticles. Their subnanometer 

dimensions result in unique physical and chemical properties such as biocompatability, 

photostability, and they can show molecular-like behaviours, i.e. discrete electronic states and 

size-dependent fluorescence.[1-6] They have attracted great attention, and demonstrated a 

range of excellent properties, for applications in the areas of sensing, biolabeling, imaging 

and catalysis.[1-6] However, use of nanoclusters for electrocatalytic CO2 reduction has not 

been widely explored because it is difficult to synthesize stable nanoclusters, and producing 

stable forms of the nanoclusters often involves strongly protecting layers that consequently 

cause poor communication between the nanocluster and either the electrode or CO2. Notably, 

Kauffman et al.[7] have reported that ligand protected Au25 clusters showed unique interaction 

with CO2 and catalysed its reduction at a very low overpotential, with enhanced catalytic 

activity compared to the same materials with larger dimensions. The electrochemical 

reduction of CO2 using tetra-atomic transition metal clusters has been studied 

computationally by Curtiss et al.[8], and the results suggested that small metal clusters show 

much potential for CO2 reduction because their catalytic properties could be improved based 

on size, metal composition and various support materials. Silver is a promising catalyst for 

the electroreduction of CO2 to CO with good selectivity (~80%), and its nanoparticles show 

enhanced performance towards CO2 reduction.[9] However, the electrocatalytic activity of 

smaller sized silver nanoclusters has so far remained unexplored, for the reasons given above. 

Bovine serum albumin (BSA) is an excellent stabilizer for the formation of 

nanoclusters.[1, 4, 10] BSA has also been used as both the stabilizer and reducing reagent for the 

synthesis of metal nanoclusters, for example gold nanoclusters,[10] since this protein contains 

large proportion of cysteine which is a reducing agent. With respect to the synthesis of silver 
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nanoclusters that are the focus of this study, different sizes of silver nanoclusters capped in 

BSA (AgNC@BSA) have been reported and these have demonstrated excellent stability since 

they are confined in the tiny spaces within the BSA.[1, 4] In order to use AgNC@BSA as the 

catalyst for efficient electrochemical reduction of CO2, the electrode and catalyst 

communication needs to be facile. However, as the Ag nanoclusters are confined within the 

bulky BSA, efficient communication between the electrode and catalyst is not feasible. To 

solve this problem, we have looked to Nature for answers. In Nature, many enzymes function 

only in the presence of cofactors/coenzymes which transfer electrons, protons or other 

groups.[11] For instance, hydrogenases, the enzymes that catalyse the reversible oxidation of 

H2 to protons at close to the thermodynamic potential, consist of two subunits.[12] The large 

subunit contains the active catalyst, while the small subunit contains three iron-sulphur 

clusters which act as the electron relay. By acting in sequence, these iron-sulphur clusters 

allow very efficient electron hopping through the protein matrix. This concept of using 

mediated electron transfer to promote the electronic communication has been applied in the 

development of enzyme biosensors, such as glucose biosensors.[13] This approach has also 

been used recently by us to establish a rapid communication pathway for a molecular catalyst 

in the solid-state, which significantly enhanced the catalytic activity for electrooxidation of 

water.[14] Polyoxometalates (POM), e.g. [α-SiW12O40]4-,[15] are molecular oxide anions that 

undergo multiple reversible electroreduction processes covering a wide potential range. 

Therefore, a suitable redox process can be chosen to provide the driving force required for 

CO2 reduction when a POM is used as the electron transfer mediator.  

Herein, we report a proof of concept approach where [α-SiW12O40]4- acts as a mediator 

in the solid-state to achieve effective communication between the electrode and AgNC@BSA 

for electrocatalytic reduction of CO2 in dimethylformamide (DMF) medium consisting of 0.1 

M tetrabutylammonium hexafluorophosphate, and 1% v/v H2O added to introduce the source 
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of protons required for the reaction.[16-17] DMF was chosen as the reaction medium due to the 

high solubility of CO2 in this solvent, i.e. 0.23 M at 1 atm.[18]  

 

Results and Discussion  

Fluorescence spectroscopic characterization of AgNC@BSA. The AgNC@BSA were 

firstly characterized by UV-visible absorption spectroscopy. The pale brown coloured 

AgNC@BSA solution shows a broad absorption band in the range of 350 to 600 nm, with a 

hump at around 480 nm. This was not observed with pure BSA solution, thus is characteristic 

of the nanoclusters, resulting from the quantum confinement effects. The distinct surface 

plasmon resonance peak in the range of 400–500 nm for larger nanoparticles was not 

observed, implying the formation of nanoclusters rather than larger nanoparticles in the 

solution.[19] When excited at 500 nm, red luminescence of AgNC@BSA was observed with a 

peak at around 670 nm (Figure 1), which is comparable to that of Ag15NC@BSA synthesized 

by Pradeep and co-authors under similar experimental conditions.[1] The maximum excitation 

and emission peaks did not shift and the emission intensity did not decrease after 2 months 

storage in the fridge and no aggregation was found, suggesting the AgNC@BSA is stable.  

 

Figure 1. Fluorescence spectrum of AgNC@BSA. Excitation wavelength: 500 nm. 
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Electrochemistry of dissolved [α-SiW12O40]4- under both N2 and CO2 atmospheres. To 

reveal the potential role of [α-SiW12O40]4- in electrocatalytic reduction of CO2 by 

AgNC@BSA-SiW and to assist the assignment of voltammetric processes under surface-

confined conditions, electrochemical studies were undertaken in DMF media containing 1 

mM [Bu4N]4[α-SiW12O40] and 0.1 M Bu4NPF6 under both N2 and CO2 atmospheres (Figure 

2), where well-defined processes can be observed using dc cyclic voltammetry. Under a N2 

atmosphere, three well-defined reversible redox processes (I/I', II/II' and III/III') were 

observed in the potential range of -0.5 to -3 V (vs. Fc0/+) (Figure 2a) with reversible potentials, 

E0' (taken, for approximation, as the midpoint potential Em = 2/)( p
ox

p
red EE  ,[20] where p

redE  

and p
oxE  are the reduction and oxidation peak potentials, respectively), of -1.32, -1.87 and 

-2.59 V, respectively. These values are comparable to those found in the solution prepared 

using DMF that was dried over 4 Å molecular sieves for two days (results not shown). No 

further fully resolved and well-defined reduction process was observed within the potential 

window of the solvent/electrolyte media. These reduction processes were also observed 

previously in acetonitrile media and were assigned to the [α-SiW12O40]4-/5-, [α-SiW12O40]5-/6- 

and [α-SiW12O40]6-/7- one-electron reduction processes.[15] At a scan rate of 100 mV s-1, the 

peak-to-peak separations (ΔEp = p
red

p
ox EE  ) are 72, 74 and 92 mV for redox processes I/I', 

II/II' and III/III', respectively. The ΔEp values for the first two processes are close to the 

value found for the reversible Fc0/+ process, implying that these two reduction processes are 

reversible on the voltammetric timescale. The larger peak-to-peak separation than the 

theoretical value of 56 mV predicted for a reversible one-electron transfer process[20] is 

therefore attributed to the effect of uncompensated resistance. In comparison to the first two 

processes, the considerably larger peak-to-peak separation associated with the third reduction 

process suggests that this process is quasi-reversible on the measurement timescale.  
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Figure 2. Comparison of cyclic (a) and RDE (c) voltammograms of 1 mM [Bu4N]4[α-
SiW12O40] in DMF (0.1 M Bu4NPF6) under N2 (―) and CO2 (―) atmosphere. (b) Cyclic 
voltammograms of 1 mM [Bu4N]4[α-SiW12O40] in DMF (0.1 M Bu4NPF6) under a CO2 
atmosphere with different switching potentials. Inset figure shows process i/i' only. Scan rate: 
100 mV s-1. For RDE, scan rate: 50 mV s-1, rotation rate: 52.3 rad s-1. 
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Under a CO2 atmosphere, a total of four reduction processes (i, ii, iii and iv) were 

detected in the potential range of -0.5 to -2.5 V (Figure 2). At a scan rate of 100 mV s-1, 

process i occurs at the same potential region as process I and the voltammetric characteristics 

for both processes are identical, while process ii at -1.87 V is about 40 mV more positive than 

process II, and process iii at -2.07 V is about 570 mV more positive than process III. The 

fourth redox process (iv/iv') with a reversible potential of -2.31 V, which is not observed 

within the potential range studied under a N2 atmosphere (-0.5 to -3 V), is now detected. 

These positive potential shifts in peak potentials associated with processes ii and iii and the 

observation of the additional redox process iv/iv' suggest that CO2 interacts with [α-

SiW12O40]6- and its reduced forms, presumably through a Lewis acid-base interaction, and 

this interaction is stronger for the more extensively reduced forms. At a scan rate of 50 mV   

s-1, the ΔEp value of 140 mV for process iv/iv' is considerably larger than that of 68 mV 

found for process i/i' (when the potential is switched after process i) and also larger than 

those found for processes I/I' and II/II'. Therefore, this process is quasi-reversible on the 

voltammetric timescale. Processes ii and iii show no oxidation components at a scan rate of 

50 mV s-1 or higher (results not shown). However, the oxidation components become clear at 

a slower scan rate of 10 mV s-1 (Figure 3), indicating that the formation of the species being 

electrochemically oxidized is kinetically controlled. Furthermore, the peak potential of 

process i' slightly shifts negatively when more negative switching potentials were applied 

(Figure 2b). These observations indicate that complex mechanisms are operating in processes 

ii and iii. However, the fact that process i/i' exhibits excellent chemical reversibility 

regardless of the switching potential suggests that the overall reduction reaction (i/i' - iv/iv') is 

chemically reversible. This has also been confirmed by the fact that an identical 

voltammogram was obtained after bulk electrolysis with an initial applied potential of -2.45 

V (to form the 4-electron reduced form) and then the potential stepped to -1.0 V (to 
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regenerate [α-SiW12O40]4-). On the basis of the well-known electrochemistry associated with 

polyoxometalates under similar conditions in the presence of an acid (e.g. H+ or Li+),[21] and 

the fact that the first electron transfer process is unaffected in the presence of CO2, the 

following square scheme is proposed for the electroreduction of [α-SiW12O40]4- under a CO2 

atmosphere.  

 

Figure 3. Cyclic voltammograms of 1 mM [Bu4N]4[α-SiW12O40] in DMF (0.1 M Bu4NPF6) 
under a CO2 atmosphere with different switching potentials. Scan rate: 10 mV s-1. 
 

 

Scheme 1. Square reaction scheme representing the interaction between the reduced forms of 
[α-SiW12O40]4- and CO2. [α-SiW12O40]4- is represented as SiW4- for convenience of 
presentation. 

 
Reaction Scheme 1, which only includes the first three reduction processes, can be 

extended to include further reduction processes. Complex voltammetric characteristics, such 

as those encountered in this study, can be expected based on this square reaction scheme, 

especially when the chemical reactions involved are kinetically controlled.[22] 
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Near steady-state RDE voltammograms were also obtained under both N2 and CO2 

atmospheres (Figure 2c). Under a N2 atmosphere, three well-defined reduction processes 

were observed with half-wave potentials (E1/2) of -1.32, -1.87 and -2.72 V, respectively. The 

E1/2 values for the first two processes are comparable to the Em values obtained under dc 

transient cyclic voltammetric conditions (comparison of Figures 2a and 2c), while E1/2 value 

for the third reduction process is slightly more negative than the Em value since this process is 

quasi-reversible.[23] The results also clearly demonstrate that the steady-state mass transport 

limiting currents associated with all processes are comparable, as expected, since all 

processes are one-electron reduction processes. Under a CO2 atmosphere, four reduction 

processes were observed, which is consistent with the results obtained under dc transient 

cyclic voltammetric conditions (Figure 2a). The steady-state mass transport limiting currents 

associated with all processes are comparable and are similar to those found under a N2 

atmosphere too. Since all reduction processes observed under a N2 atmosphere are one-

electron transfer processes, those observed under a CO2 atmosphere are also one-electron 

transfer processes. Furthermore, the fact that all steady-state mass-transport limiting currents 

are comparable under both N2 and CO2 suggests that the activity of the reduced forms of [α-

SiW12O40]4- towards catalytic CO2 reduction is minimal.  

 
Electrochemistry of the AgNC@BSA-SiW modified electrode. Electrochemical 

characterization of a glassy carbon electrode modified with AgNC@BSA-SiW was also 

undertaken in DMF (0.1 M Bu4NPF6) under both N2 and CO2 atmospheres. Under a N2 

atmosphere, the AgNC@BSA-SiW adduct modified glassy carbon electrode shows two well-

defined reversible processes (Figure 4) with E0' values of -1.28 and -1.70 V vs. Fc0/+ and ΔEp 

values of about 55 mV, and are assigned to the surface-confined [α-SiW12O40]4-/5- (I/I') and 

[α-SiW12O40]5-/6- (II/II') processes based on the electrochemistry of dissolved [α-SiW12O40]4- 

(see above). These E0' values are about 40 mV and 250 mV more positive than those found 
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when [α-SiW12O40]4- was dissolved in the electrolyte solution. This is unsurprising since the 

[α-SiW12O40]4- is present in drastically different environments under dissolved and surface 

confined conditions, and the reversible potentials of POMs are highly medium dependent.[24] 

Furthermore, additional ion transfer processes involved under surface confined conditions for 

charge neutralization are also expected to introduce differences in the reversible potentials.[25] 

In addition to these two processes, a broad process detected at -2.33 V, which is not observed 

in the voltammograms obtained for the dissolved [α-SiW12O40]4- in DMF, could be due to the 

reduction of some functional groups in BSA. Based on the reversible potential data for the [α-

SiW12O40]6-/7- process obtained with dissolved [α-SiW12O40]4- (process III/III', Figure 2a), 

this process, if it occurs, may be present in the potential region where the background 

contribution from BSA reduction is dominant, thus is undetectable under dc cyclic 

voltammetric conditions.  

 

Figure 4. Dc cyclic voltammograms obtained at an AgNC@BSA-SiW adduct modified GC 
electrode, in DMF (0.1 M Bu4NPF6) under N2 (―) and CO2 (―) atmospheres. Scan rate: 100 
mV s-1. 
 

To confirm whether this indeed is the case, FTAC voltammetric measurements were 

undertaken, taking the advantage of its high kinetic sensitivity – i.e. the current magnitude 

associated with the non-linear higher harmonic components of FTAC voltammogram 
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decreases dramatically when the kinetics of the electron transfer process decreases.[26] This 

feature of FTAC voltammetry allows the voltammetric response associated with the [α-

SiW12O40]6-/7- process, which exhibits relatively high electrochemical reversibility, to be 

detected in the presence of the irreversible (sluggish) BSA reduction process. Indeed, well-

defined 4th harmonic component of FTAC voltammetry for the 3rd redox process was readily 

observed with a reversible potential of -2.20 V (Figure 5a), which is about 390 mV more 

positive than process III/III' (Figure 2). When the potential was scanned to more negative 

than -2.52 V, the magnitude of the currents associated with the first two reduction processes 

diminishes, suggesting that the reduced form may decompose based on the results obtained 

previously.[15]   
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Figure 5. The 4th harmonic component of FTAC voltammograms obtained at an 
AgNC@BSA-SiW modified glassy carbon electrode in DMF (0.1 M Bu4NPF6) under (a) N2 
and (b) CO2 atmospheres. Scan rate: 70.8 mV s-1, frequency: 8.9 Hz, amplitude: 80 mV. 
 

In CO2 saturated DMF (0.1 M Bu4NPF6), the first two reduction processes (Figure 4) 

remain well-defined with reversible potentials similar to those found under a N2 atmosphere, 

suggesting no involvement of CO2 in these processes. When the potential is scanned further 

negative, a sharp increase in current is observed at the AgNC@BSA-SiW modified electrode 

in the potential region where the 3rd ([α-SiW12O40]6-/7-) and 4th ([α-SiW12O40]7-/8-) reduction 

processes are present, with an onset potential of -1.95 V (Figure 4), plausibly due to the 

catalytic reduction of CO2. Due to the presence of this catalytic process, the underlying 

electron transfer processes associated with [α-SiW12O40]6- could not be detected under dc 

voltammetric conditions. To probe the nature of this redox process, FTAC voltammetry was 

used since the non-linear higher harmonic components of FTAC voltammogram are highly 

sensitive to electron transfer kinetics and relatively insensitive to the homogeneous catalytic 

process.[26] A well-defined process was observed under FTAC voltammetric conditions 

(Figure 5b) in the potential region where both [α-SiW12O40]6-/7- and [α-SiW12O40]7-/8- 

processes are present when [α-SiW12O40]4- was dissolved in the solution (Figure 2). 

Presumably, these reduction processes now merge under surface confined conditions to form 

a single one step two-electron reduction process [α-SiW12O40]6-/8-. In fact, the merging of the 

reduction processes associated with the highly reduced forms are common in POM 

electrochemistry since the processes associated with the more extensively reduced POM shift 

more rapidly to positive potential region due to the large increase in basicity associated with 

POM upon reduction.[21] In the potential region < -2.52 V, the reduction current is relatively 

insignificant with either BSA or [α-SiW12O40]4-/BSA alone (Figure 6), which suggests that 

neither [α-SiW12O40]4- nor BSA is the catalytically active form. This catalytic reduction 

process was also observed with an Ag disk electrode (Figure 6) with an onset potential of 
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-2.36 V. This value is comparable to that reported by Reche et al.,[27] suggesting that AgNCs 

are likely the active catalysts in AgNC@BSA-SiW for the observed catalytic reduction 

process. However, the onset potential observed at the Ag disk electrode (Figure 6) is about 

400 mV more negative than that found at the AgNC@BSA-SiW modified electrode, which 

implies that AgNC@BSA is more active. Although [α-SiW12O40]4- and its reduced forms are 

not catalytically active, they play a crucial role in enhancing the catalytic efficiency of 

AgNC@BSA. In the absence of [α-SiW12O40]4-, AgNC@BSA also shows very low 

electrocatalytic activity towards CO2 reduction (Figure 6). Since the catalytic process occurs 

in the region where [α-SiW12O40]6-/8- is present (Figure 5), this redox process is likely 

involved in the electrocatalytic reduction of CO2 by AgNC@BSA-SiW, presumably by 

mediating electron transfer between the electrode and AgNC@BSA. The fact that the reduced 

forms of [α-SiW12O40]4- weakly interact with CO2 (Figure 2a) suggests that it could also act 

as a relay for CO2 transportation to the surface of the AgNC@BSA catalyst. BSA contains a 

relatively large fraction of lysine, arginine and histidine amino acid residues that carry a free 

–NH/-NH2 functional group to which CO2 may favourably bind. 

 

Figure 6. Comparison of cyclic voltammograms obtained at a 2 mm diameter Ag disk 
electrode (―) and 3 mm diameter GC electrodes modified with AgNC@BSA-acetic acid 
(―), AgNC@BSA (―), BSA-SiW (―) and BSA (―) in DMF (0.1 M Bu4NPF6) under a 
CO2 atmosphere. Scan rate: 100 mV s-1. 
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Stability of the AgNC@BSA-SiW modified electrodes. The stability of AgNC@BSA-SiW 

for the electrocatalytic reduction of CO2 was evaluated by chronoamperometry using an 

AgNC@BSA-SiW modified electrode covered with 3 μl 10 mg ml-1 BSA to prevent possible 

dissolution/detachment of the adduct from the electrode surface during long term electrolysis. 

A potential of -2.32 V was applied at the working electrode. The solution was stirred to 

maintain the local CO2 concentration and to remove gas bubbles formed on the electrode 

surface. Figure 7 shows a typical chronoamperometric i - t curve obtained at an 

AgNC@BSA-SiW modified electrode in DMF saturated with CO2. A slight decrease of ~20% 

in current magnitude was observed over a period of 20,000 s due to the blocking of the active 

sites of the catalysts by adsorbed products or their gaseous bubbles since the current recovers 

after the modified electrode was left in solution under open circuit potential for 15 minutes 

for the complete removal of the attached gas bubbles/adsorbed molecules. The electrode 

surface shows an intense blue colour after chronoamperometric study, indicating the presence 

of the reduced forms of [α-SiW12O40]4- (the so-called poly-blue [28]) on the electrode surface. 

Cyclic voltammogram of the modified electrode obtained after chronoamperometric study 

and then the potential stepped to -1.0 V (to regenerate [α-SiW12O40]4-) is similar to that 

obtained before electrolysis, which also confirms the chemical stability [α-SiW12O40]4- and its 

reduced forms under catalytic turnover conditions. 
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Figure 7. Chronoamperometric i – t curve obtained at an AgNC@BSA-SiW modified 
electrode in DMF (0.1 M Bu4NPF6) saturated with CO2. Applied potential = -2.32 V vs. Fc0/+. 
 

Identification of the products of electrocatalytic reduction at an AgNC@BSA-SiW 

modified electrode under a CO2 atmosphere. Although a catalytic reduction process was 

observed at an AgNC@BSA-SiW modified electrode under a CO2 atmosphere (Figure 4), 

cyclic voltammetric results do not provide direct evidence on the nature of this reaction. To 

confirm whether this process is associated with the electrocatalytic reduction of CO2 and to 

investigate the reaction mechanism, bulk electrolysis was undertaken using a two-

compartment air-tight electrolysis cell. The head-space products obtained were analysed by 

GC. The results suggest that CO is the main product with a faradaic efficiency of 75.6%. In 

addition to CO, H2 was also detected with a faradaic efficiency of 14.7%. Since the combined 

faradaic efficiencies for the formation of CO and H2 are more than 90%, the liquid phase 

products were not analysed. Based on these results, the following reaction scheme (Equations 

(1) and (2)) is proposed for the electrocatalytic reduction of CO2 at the AgNC@BSA-SiW 

modified electrode.  

              

The reversible potential associated with the CO2/CO process in DMF (0.1 M Bu4NPF6 

+ 1% H2O) is estimated to be -0.690 V vs. NHE,[17] or -1.24 V vs. Fc0/+ taking into account 

the difference between the two potential scales[20]. This is more than 0.7 V more positive than 

the onset potential obtained with the AgNC@BSA-SiW modified electrode. Even though the 

performance of AgNCs is considerably superior to bulk Ag, this result suggests that further 

tuning of the mediator redox potentials could produce a more energy efficient CO2 reduction 

process.  
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Conclusions 

A silver nanocluster catalyst has been synthesized and applied for electrocatalytic reduction 

of CO2 to CO in DMF (0.1 M Bu4NPF6 + 1% v/v H2O). By introducing an electron transfer 

mediator [α-SiW12O40]4- to facilitate the communication between the electrode and the 

catalytic Ag nanoclusters deeply embedded in BSA, a strategy that has been commonly used 

in Nature by enzyme oxidoreductases, excellent efficiency for catalytic CO2 reduction to CO 

has been achieved in comparison with bulk Ag. The electrocatalytic activity of nanoclusters 

has been much less explored compared to the same materials with larger dimensions, partially 

due to the poor electrical communication between the electrode and the strongly protected 

nanoclusters. Even though the detailed analysis here suggests that further tuning of the 

mediator redox potentials could be beneficial, the concept introduced in this paper provides a 

general approach to investigate the electrocatalytic activity of nanoclusters, which is an area 

remained largely unexplored and have a comparatively larger scope in further research. 

 

Experimental Section 

Chemicals. Bovine serum albumin (BSA, 96%, Sigma), AgNO3 (99%, Aldrich), NaBH4 

(96%, Aldrich), silicotungstic acid (H4[α-SiW12O40], 99.9%, Aldrich), ferrocene (Fc, ≥ 98%, 

Sigma), acetic acid (32%, Ajax Finechem), sodium hydroxide (NaOH, 99.0%, Merck) and 

CO2 (Food grade, Aligal, Air Liquide) were used as supplied. Dimethylformamide (DMF, 

99.8%, Merck) was dried over 4 Å molecular sieves for at least 2 days before use. 

Tetrabutylammonium hexafluorophosphate (Bu4NPF6, GFS) was recrystallized twice from 

hot ethanol. Deionized water from a MilliQ-MilliRho purification system (resistivity 18 

MΩ·cm) was used to prepare all aqueous solutions. Unless otherwise stated, DMF solutions 

used for the experiments contain 1% (v/v) added H2O. 
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To synthesize [Bu4N]4[α-SiW12O40] that is soluble in DMF, aqueous solutions of 

Bu4NCl and H4[α-SiW12O40] were mixed with a molar ratio of 4.2:1. This ratio is slightly 

higher than the stoichiometric ratio to ensure high yield of [Bu4N]4[α-SiW12O40]. Upon 

mixing, a white precipitate was formed, which was then separated using a centrifuge at a 

rotation rate of 3,000 rpm. The solid [Bu4N]4[α-SiW12O40] product obtained was 

recrystallized twice in ethanol and dried in oven at 110 °C for 3 hrs.  

Synthesis of BSA capped silver nanoclusters (AgNC@BSA). AgNC@BSA with red 

fluorescence emission were synthesized according to a literature procedure[1] with slight 

modification. In brief, aqueous solution of AgNO3 (1 ml, 10 mM) was added to BSA (1 ml, 

20 mg ml-1 in water) under vigorous stirring in the dark in an ice/water bath. After 5 min, 

NaOH (60 μl, 1 M) was added dropwise to obtain a clear solution. After another 5 min of 

vigorous stirring, freshly prepared aqueous solution of NaBH4 (100 μl, 100 mM) was 

introduced dropwise to reduce the Ag+ ion. The reaction was allowed to continue for another 

4 hours. The solution was then subject to centrifugation at a rotation rate of 14,000 rpm for 

half an hour to remove larger sized nanoparticles, if any. The supernatant solution was then 

separated, purged with N2 and kept refrigerated. Absorbance spectra were run on a Varian 

model Cary 60 UV-visible spectrophotometer, while fluorescence measurements were 

undertaken on a Varian model Cary Eclipse fluorescence spectrophotometer, in 1 cm quartz 

cuvettes. 

Preparation of AgNC@BSA-SiW adduct. The AgNC@BSA-SiW (SiW = [α-SiW12O40]4-) 

adduct was synthesized by adding AgNC@BSA solution (100 μl) to H4[α-SiW12O40] (3.6 mg) 

to form a gel-like precipitate. The precipitated solid was collected by centrifugation at 6,000 

rpm for 5 min, purified by washing with water, redispersing in water, and then collected after 

centrifugation, before finally being redispersed in water (100 μl) by sonication for the use for 

electrode modification. This AgNC@BSA-SiW adduct dispersion was purged with N2 and 
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then sealed and kept refrigerated. Its catalytic activity towards CO2 reduction is preserved for 

at least two months. The adduct of AgNC@BSA with acetic acid was also synthesized using 

a similar approach. 

Preparation of AgNC@BSA-SiW and AgNC@BSA-acetic acid adduct modified 

electrodes. The electrodes modified with the AgNC@BSA-SiW adduct were prepared by 

drop-casting AgNC@BSA-SiW adduct slurry (3 μl) onto the electrode surface and allowing 

it to dry at room temperature. Electrodes modified with AgNC@BSA-acetic acid adduct were 

prepared in a similar manner. 

Electrochemistry. All electrochemical experiments were undertaken at 22 ± 2 °C using a 

CHI 760E electrochemical workstation (CH Instruments, Austin, TX). For rotating disk 

electrode (RDE) experiments, a Rotating Disk Electrode Rotator (RRDE-3A, ALS Co., Japan) 

was connected to a CHI 760E electrochemical workstation. A standard three-electrode 

electrochemical cell arrangement was employed using a GC or a GC RDE (3.0 mm diameter, 

CH Instruments, Austin, TX) working electrode, a Pt wire counter electrode. A Pt wire placed 

in DMF (0.1 M Bu4NPF6), but separated from the analyte by a glass frit was used as a quasi-

reference electrode. The reference potential was calibrated against that of the Fc/Fc+ (Fc = 

ferrocene) redox couple as an internal reference[29] from measurements made on the oxidation 

of 1 mM Fc present in the same solution.  

Prior to voltammetric experiments or electrode modification, the working electrode was 

polished with 0.3 μm alumina on a clean polishing cloth (Buehler, USA), rinsed with water, 

sonicated in water thoroughly to remove alumina, rinsed successively with water and acetone 

and finally dried under nitrogen gas. 

The solution was purged with nitrogen or carbon dioxide for at least 15 min before 

measurement, and then the electrochemical cell was kept under a slightly positive pressure of 

nitrogen or carbon dioxide at all times.  
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Fourier transformed large amplitude ac (FTAC) voltammetric measurements were 

carried out with a home-built apparatus,[30] using an applied sine wave perturbation of known 

frequency (f = 8.9 Hz) and amplitude (ΔE = 80 mV) superimposed onto the dc ramp. Fourier 

transformation was applied to obtain a power spectrum from the total current measured. After 

selection of the frequency band of interest, inverse Fourier transformation was used to 

generate the required aperiodic dc or ac harmonic components.[30-31]  

Controlled potential bulk electrolysis was carried out in an airtight H-cell with two 

compartments separated by a frit. A piece of carbon cloth (0.2 mm × 1 cm × 2.5 cm) 

modified with AgNC@BSA-SiW was used as the working electrode and a large Pt mesh as 

the counter electrode, along with the same reference electrode as used in voltammetric studies. 

The gas products, i.e. carbon monoxide and hydrogen, obtained by controlled potential bulk 

electrolysis were analysed by gas chromatographic technique on an Agilent 7820 gas 

chromatograph with a HP-PLOT Molesieve/5Å column. 
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Silver nanoclusters capped in bovine serum albumin (AgNC@BSA) were synthesized and 
applied for electrocatalytic reduction of CO2. AgNC@BSA catalyst mediated by [α-
SiW12O40]4- shows high electrocatalytic activity for CO2 reduction with an onset potential of 
about 400 mV more positive than that found at a bulk silver electrode. CO is the major 
product with excellent faradaic efficiency (> 75%) in dimethylformamide containing 1% v/v 
water. 
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