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Controlled potential electrolysis (CPE) leads to the formation of electrochemically-active Ruthenium 
nanoparticles in the bulk solution.

We tested the hypothesis that Ru(0) nanoparticle could form under electrochemical conditions. Their 
role in the catalytic system was tested by running CPE for four hours, and then performing cyclic 
voltametric experiments on samples pulled from the CPE.

A 25 mL solution of dry acetonitrile with 1.0 mM 1b,2b, or 3b, 0.1 M Bu4NPF6, was prepared in a cell 
with a glassy carbon rod working electrode, Pt counter electrode and Ag/AgCl reference electrode. A 
controlled potential electrolysis experiment was run at run at -2.4 V to -2.7 (vs Fc+/Fc) depending on 
whichever electron addition showing the greatest enhancement with the addition of CO2 as previously 
determined by CV for 4 hours while the solution was under CO2 atmosphere and stirring. Samples of the 
25 mL solution were pulled and tested with cyclic voltammetry at 0 h, 2 h, and 4 hours (Figure S7-9) 
under CO2 atmosphere, using a glassy carbon working electrode dish 3.0 mm diameter, and a scan rate 
of 100 mVs-1, then bubbled N2 for 15 minutes and the scan was repeated. After the 4 h scans were 
completed, 10 equivalents of Hg(l) was added and allowed to stir for 8h under N2 atmosphere, after 
which time cyclic voltammetry CO2, and N2 were preformed using the previously stated conditions. Over 
time a large increase in activity can be seen both under N2, along with a smaller increase to CO2,  this is 
due to the degradation of the 2b molecular catalysis in solution. Two degradation products are being 
formed one the active molecular catalyst which has yet to be characterized and the other a further 
degradation to a Ruthenium nanoparticle.  At the four hour time point the CO2, and N2 voltammograms 
homogenize showing that the predominant speeches in the solution is able to accept electrons however 
not catalytically reduce CO2. At this point the Hg was added to the solution to test if the species that was 
responsible for this activity was a Ruthenium nanoparticles, due to the ability of Hg to bond neutral 
Ruthenium species. After allowing the Hg to stir with the post BE solution for four hours cyclic 
voltammetry was preformed once more, with the same conditions as previously stated. The cyclic 
voltammetry under N2 starts to return to that of the inithial 1b,2b, and 3b solution showing that some of 
this activity comes from the presence of Ruthenium nanoparticles. Under catalytic conditions it can be 
seen that there is little change to the activity however the cathodic wave seen around -2.5 V (vs Fc+/Fc) 
returns, due to the molecular a molecular form of 1b,2b, and 3b  being the predominant searches once 
more.  
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Controlled potential electrolysis (CPE) leads to the formation of electrochemically -active Ruthenium 
nanoparticles on the electrode.

We tested the hypothesis that Ru(0) nanoparticle catalysts could form on the electrodes by running CPE 
for two hours, and then performing cyclic voltametric experiments, first with the electrode “as is”, and 
then after cleaning the electrode. The results are shown below (Figure S10) and show that a 
catalytically-active film, probably containing Ru nanoparticles, forms on the electrode. Details of the 
experiments are also shown below. 

A 10 mL solution of dry acetonitrile with 1.0 mM 1b,2b, or 3b, 0.1 M Bu4NPF6, was prepared in a cell 
with a glassy carbon working electrode dish 3.0 mm, Pt counter electrode and Ag/AgCl reference 
electrode. The electrochemical behavior was measured using cyclic voltammetry at a scan rate of 100 
mVs-1 under N2 and CO2 (T = 0 h, Figure S34). Next, a controlled potential electrolysis was run at -2.4 V to 
-2.7 (vs Fc+/Fc) depending on whichever electron addition showing the greatest enhancement with the 
addition of CO2 as previously determined by CV for 2 hours while the solution was under CO2 
atmosphere and stirring. A cyclic voltammetry experiment was performed using the CPE working 
electrode “as is” with the same conditions as in Figure S10. Clear differences are observed under N2 and 
CO2. Upon observation of the electrode surface, one could see a black particulate on top of the 
electrode. Further characterization of the black powder was not performed. Finally, the glassy carbon 
working electrode was cleaned with a small amount of acetonitrile on a wipe, so as to remove any 
formation on the surface without making any modification to the electrode surface, at which point a 
cyclic voltammetry was run as before using the solution from the bulk electrolysis. The similarities 
between the “as is” and “clean” show that most of the compound remains intact in solution, but 
changes happened on the electrode. The new material builds up on it, leading to a larger 
electrochemical activity under these conditions. This behavior can be contributed to a buildup of 
nanoparticle that have the ability to accept electrons at a simpler over potential to the active molecular 
Ru catalyst. As can be seen from the Hg test run when testing the rruthenium nanoparticles in the bulk 
solution (Figure S7- Figure S9). It is seen in both the bulk solution test, and now with the electrode 
surface test with 1b,2b, and 3b there is an increased activity under N2 and CO2 with the post CPE 
solution. This shows the formation of nanoparticles that accepting electrodes, however there is likely 
not full coverage of the electrode surface. This leads to the increase in cathodic current under N2 and 
CO2, which is adding to the cathodic wave seen, blending with the activity of CO2 reduction that is 
normally observed for 2b, due to the partial coverage of the electrode surface, allowing for both 
processes to be observed at once. 
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Figure S15. Proposed mechanisms for 1b (above) and 2b (below)

Photochemical formation of  Ruthenium nanoparticles

We tested the hypothesis that Ru(0) nanoparticle could form under photochemical conditions. First a 
pair of controls were run both containing; 1.6 mM [Ru(3-isoquinoline)(bipy)2] (isopic), and 100 mM 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH), along with one containing 10mM Hg.  They 
were all eradiated with white light greater than 300nm, for times 2,6, and 24 hours. At each time point a 
500ml sample was injected into a gas chromatographer and quantified, as described in the experimental 
segment of the paper.  In the table turnover numbers (TON) for the production of CO are given as a 
measure of activity of the samples. For the first two TON is calculated in comparison to isopic due to it 
being the only likely source of CO2 reduction. Next two samples are run using the same conditions as the 
controls except now one of the “b” compound was added, The sample with the Hg present show little to 
no effect on the TON compared to the sample without. This is evidence to support that Ruthenium 
nanoparticles maybe present in the solution however are not the active catalyst. 
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Isotope labeling experiment for clarifying off carbon source of CO production.

We tested the hypothesis that the CO produced from the Ru catalysts 1b, 2b, 3b, was due to their 
consumption of available CO2 which is saturated into the solution and not due to the degradation of 
other species. In order to do this a photochemical experiment was carried out where a control solution  
of 1.6 mM [Ru(3-isoquinoline)(bipy)2] (isopic), 100 mM 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole (BIH) in dry MeCN, and then a solution  of isopic and BIH with 1b in dry MeCN were 
prepared in sealed glass tubes and tested with GC as well as GC coupled MS. Both solutions were purged 
with N2 for 10 min, then degassed with freeze thaw cycles three times, before being saturated with 
13CO2. At which time solutions, were irradiated by >300 nm visible light. A 500 l injection from the 
headspace of the reaction vessel was injected into the GC to acquire the peak aeras for N2, CO, and CO2 
at both times 0h and 24h, the same was done for the GC MS. The GC data to understand the amount of 
each gas present. Were as the GC MS to understand the isotopes of the gases. For the control it can be 
seen that the amount of N2, CO, and CO2 are consistent throughout the experiment showing no CO2 
catalysis is taking place or degradation of the solution into CO. When the control is run in the GC MS it is 
seen that the peak at 24 m/z which contains N2 as well as 12CO is consistent along with the peak at 45 
m/z for 13CO2. For the sample solution it can be seen that the amount of N2 is consistent throughout the 
experiment, whereas the amount of CO2 is decreased proportionally to the increase of CO. When the 
sample is run in the GC MS it is seen that the peak at 24 m/z which contains N2 as well as 12CO is 
consistent whereas there is now a peak at 25 m/z for 13CO along with the peak at 45 m/z for 13CO2 now 
decreasing. Showing that the CO that is being produced in this experiment is primarily if not interlay 
sourced from the CO2.
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