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The electrochemical conversion of CO2 into valuable fuels is a promising technique to store intermittent 

energy, such as wind, solar and nuclear, and facilitate a closed carbon cycle. Here we report the formation 

of formic acid from the electrochemical reduction of CO2 catalyzed by rhodium-protoporphyrin in 

aqueous solution. The formation of formic acid is highly dependent on pH with the highest faradaic 

efficiency of 50% at pH=3 while it is negligible at pH=1. The theoretical predication indicates that CO 

should be the main product from the electrochemical reduction of CO2 catalyzed by rhodium-

protoporphyrin as cobalt-protoporphyrin. However, the strong affinity of axial ligands hinders the 

formation of metal-bonded carboxylate or metal-hydride intermediates leading to the difficulty of the 

formation of CO or formic acid through the intermediate respectively. The most likely intermediate for 

the formation of formic acid catalyzed by rhodium-protoporphyrin is phlorin-hydride which is an 

intermediate protonated the meso carbon of the macrocycle.  
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1. INTRODUCTION 

 

Carbon dioxide released from the combustion of fossil fuels is converted into chemical energy 

by photosynthesis process, which accomplishes a carbon cycle in nature. However, the large discrepancy 

between the rate of carbon dioxide emission and plant fixation results in accumulation of carbon dioxide 

in the atmosphere. As well known, carbon dioxide is a notorious “green-house” gas. The increasing of 

carbon dioxide concentration in the atmosphere resulted from excessively combustion of fossil energy 

will not only lead to serious environmental problems, but also cause potential fossil energy crisis. 

Therefore, researchers desire to find a way to reduce the carbon dioxide emission or utilize it. [1-4] 
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Ideally, they want to convert carbon dioxide into valuable chemicals, such as carbon monoxide, formic 

acid (formate), formaldehyde, methanol and methane. [5-7] This technique can reduce the concentration 

of inert carbon dioxide in atmosphere and produce fuels at meanwhile. If the energy needed for the 

carbon dioxide conversion comes from renewable resources, such as solar, wind and nuclear, it can 

accomplish a carbon neutral cycle, which will greatly reduce the carbon dioxide emission. Different 

kinds of techniques have been utilized to facilitate carbon dioxide conversion, including chemical, [8-

10] electrocatalytic and photocatalytic reduction. [11-14] The benefits of developing the electrocatalytic 

reduction of carbon dioxide technique are as the following: (1) the process is easily controlled by 

electrode potential, pressure and temperature; (2) water can be used as the hydrogen source; (3) the 

electrolyte can be fully recycled; (4) the electricity for driving the process can be produced from 

renewable energy, therefore the generating of new carbon dioxide could be avoided. [15] However, there 

still are certain barriers hindering the practical application of CO2 conversion technique, including (1) 

the formation of the key intermediate, CO2
-· radical requires high energy input; (2) the competition of 

the hydrogen evolution reaction (HER). [16] 

Molecular catalysts have been frequently used as catalyst for the electrochemical reduction of 

CO2 for decades because they are relatively less expensive and more abundant comparing to noble metal 

catalysts. The electrochemical reduction of CO2 is a proton assisted multi-electron transferred process. 

Therefore, catalysts used for catalyzing the reaction are needed to be capable of mediating the 

microscopic steps involve. The metal center within molecular catalyst has a variable oxidations states 

(including ligand), which is well appropriate for above-mentioned task and often offer tunable catalytic 

activity and selectivity. Furthermore, structures of molecular catalysts can be accurately modified for 

improving catalytic activities and investigating catalytic mechanisms. Currently a variety of molecular 

catalysts have been investigated as effective catalysts for the electrochemical reduction of CO2, such as 

polypyridine, phosphine, cyclam, porphyrin, phthalocyanine, and other macrocyclic structures. [17-21] 

In addition, most of molecular catalysts used for CO2 electrochemical reduction are conducted in 

homogeneous conditions, where molecular catalysts are dissolved in solution. As the solubility of most 

molecular catalysts is quite low in aqueous solution, the electrochemical reduction of CO2 is normally 

explored in aprotic solvent. The immobilization of molecular catalyst on electrode will not only avoid 

the problems of dissolving molecular catalysts, but also accomplish heterogeneous catalysis. Herein, we 

report a rhodium-protoporphyrin immobilized pyrolytic graphite electrode as a working electrode 

catalyzes the electrochemical reduction of CO2 in aqueous solution. The main product found from the 

process is formic acid which is different from the situation where cobalt-protoporphyrin was used as the 

catalyst at the same condition in our previous work indicating the different mechanism on these two 

similar molecules. [22] 

 

2. MATERIAL AND METHODS 

2.1. Fabrication of Working Electrode  

All electrochemical experiments were conducted in a one compartment cell, except for faradaic 

efficiency experiments, including a platinum flag as counter electrode, a reversible hydrogen electrode 
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(RHE) as a reference, to which all potentials were referred in this paper, and a rhodium-protoporphyrin 

immobilized pyrolytic graphite electrode as working electrode. The faradic efficiency experiments have 

been conducted in an H-cell separated by a Nafion-film into consisted with two compartments, one of 

which is filled in with a working electrode and an Ag/AgCl reference electrode while the other is is with 

an Pt coil as a counter. All glassware was boiled in concentrated sulfuric and nitric acid (3:1) first and 

boiled 5 times in Milli-Q water (Milli-Q gradient A10 system, 18.2 MΩ cm) latter. The working 

electrode was prepared as in our previous work: [23] a cylinder pyrolytic graphite electrode with 

diameter of 5 mm was abraded with P500 and P1000 SiC sandpaper and ultrasonicated in Milli-Q water 

for 1 min. After rinsed with water and dried in compressed air, the electrode was dipped in 0.5 mM 

rhodium-protoporphyrin solution for 5 min. 0.2 M perchlorate electrolyte solution was prepared using 

NaClO4 (Sigma-Aldrich, ≥ 98.0%) and HClO4 (Merck, 70%). Argon was purged through electrolyte 

solution for 20 min before every experiment to move dissolved oxygen. 

 

2.2. OLEMS measurements  

The gaseous products were monitored using the on-line electrochemical mass spectroscopy 

(OLEMS) combined with cyclic voltammetry (CV) as in previous work. [24] A hydrophobic porous 

Teflon cylinder tip with diameter of 0.51 mm positioned closely (～10μm) to the center of the surface 

of the working electrode. The gaseous products produced were sucked into highly vacuumed (less than 

10-6 mbar) mass spectrometer chamber through a PEEK capillary. The SEM voltages applied on all 

signals are 2400 V, except for hydrogen (m/z=2) which is 1200 V. The Teflon tip was cleaned prior 

experiments by dipping into 0.2 M K2Cr2O7 in 2 M H2SO4 solution for 15 min and rinsed thoroughly 

with Milli-Q water. The cyclic voltammetry is conducted from 0 V to -1.5 V with a scan rate of 1 mV/s 

by an Ivium A06075 potentiostat. 

 

2.3. HPLC measurements 

High-performance liquid chromatography (HPLC) was combined with the linear voltammetry 

(LV) to detect liquid products.[25] A porous Teflon tip inner diameter of 0.38 mm was positioned closely 

(～10 μm) to the center of the working electrode. Samples with a volume of 60 μL were collected into a 

96-well microtiter plate (270 μL per well, Screening Device b.v.) using an automatic fraction collector 

(FRC-10A, Schimadzu), while a linear voltammogram is scanned from 0 V to -1.5 V vs RHE a rate of 

1 mV/s. The microtiter plate after finishing collecting samples was put onto an auto-sampler (SIL-20A) 

holder. A sample with a volume of 30 μL was then injected into an Aminex HPX 87-H (Bio-Rad) column 

of which the temperature was kept at 85 0C using a column oven (CTO-20A). A refractive index detector 

(RID-10A) was using to analyze samples.The eluent was diluted sulfuric acid (5 mM) with a flow rate 

of 0.6 mL/min. The Faradaic efficiencies of liquid products were also measured using HPLC. The 

electrolysis was conducted for 2h, after which 2 mL sample collected from working electrode 

compartment was analyzed by HPLC. 
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3. RESULTS AND DISCUSSION 

3.1. Immobilization of Rhodium-protoporphyrin 

Figure 1 shows the electrochemical response of rhodium-protoporphyrin after immobilized on 

pyrolytic graphite via dip-coated method at pH=1 comparing to blank pyrolytic graphite electrode. The 

cyclic voltammogram of blank pyrolytic graphite shows a redox peak around 0.67 V, which is related to 

the redox transition of quinone/hydroquinone according to the structure of pyrolytic graphite. After the 

immobilization of rhodium-protoporphyrin, the voltammogram exhibits an extra redox peak around 0.36 

V which is ascribed to the redox transformation of RhIII changed to RhII. Yamazaki and coworkers have 

immobilized rhodium octaethylporphyrin [RhIII-(OEP)Cl] on carbon black and investigated the 

electrochemical properties of the system.[26] The clear Gaussian shape of the cyclic voltammograms of 

carbon black supported [RhIII-(OEP)Cl] in 0.1 M H2SO4 solution suggest that the wave is derived from 

a molecule strongly adsorbed on carbon black. The voltammograms of rhodium protoporphyrin 

immobilized pyrolytic graphite as shown in Figure 1 have also exhibited a Gaussian shape indicating the 

successful immobilization of the molecules. The width of the peak at half-height for carbon black 

supported [RhIII-(OEP)Cl] (95 mV for cathodic peak and 82 mV for anodic peak) indicates that there is 

only one electron involved in the reaction path. Therefore, the cathodic reaction has been ascribed to the 

following reaction: 

[RhIII(OEP)+]  +  e− →  [RhII(OEP)] 

From Figure 1, it is clear that the width of the peak at half-height is also indicating an electron 

transfer process, which is as following: 

[RhIII(PP)+  + e−  +  [RhII(PP)] 

 

 
Figure 1. Cyclic voltammograms of pyrolytic graphite electrode (     ), with adsorbed rhodium 

protoporphyrin (     ), Voltammograms were measured in 0.2 M perchloric acid, pH=1.0, at a 

scan rate of 500 mV s-1. 
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3.2. Catalytical activity of rhodium-protoporphyrin 

The catalytic capability of rhodium protoporphyrin toward the electrochemical reduction has first 

been investigated using HPLC. The concentration profile of the liquid products produced from the 

electrochemical reduction of CO2 on rhodium-protoporphyrin immobilized pyrolytic graphite electrode 

at different pH (pH=1 to pH=3) are illustrated in Figure 2. The only liquid products detected in this 

process is formic acid. From Figure 2 it also can be observed that the selectivity of the formic acid is 

highly dependent on pH. The formic acid could only be detected at pH=3 with the highest concentration 

of 0.19 mM. With the pH decreasing a little bit, such as to pH=2 or pH=1, the formation of formic acid 

has been greatly inhibited. This is probably due to the competition of the hydrogen evolution reaction  

(HER) as the formation of hydrogen will be dominant when the solution becomes more acidic. As 

discussed in our previous work, [22] the hydrogen evolution reaction which is related to direct proton 

(H+) reduction will run into diffusion limitation quite fast and the water reduction will be happened at 

much more negative potential which is around -1.1 V. From HPLC results, the onset potential for the 

electrochemical reduction of CO2 catalyzed by rhodium-protoporphyrin is around -1.2 V which is close 

to the onset potential of water reduction. Compared the electrochemical reduction of CO2 to water, it can 

be deduced that the hydrogen source needed for the electrochemical reduction of CO2 does not have to 

be proton, it would be also be other hydrogen sources instead, such as water in current process.  In a 

word, rhodium-protoporphyrin is catalytically active for the electrochemical reduction of CO2 to produce 

formic acid, and the formic acid formation prefers a little bit higher pH (pH=3) due to the competition 

of the hydrogen evolution reaction at lower pH and the and that the effective hydrogen source in the 

process can be the hydrogen in water. 

 

 

 
 

Figure 2. Plot showing the concentration of formic acid formation as a function of potential on rhodium-

photoporphyrins immobilized pyrolytic graphite electrode at pH=1 (      ), 2 (     ) and 3 (     ). 
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3.3. Faradaic efficiency of formic acid  

As the catalytical activity has been confirmed as above, it is reasonable to investigate the faradaic 

efficiencies of formic acid from the CO2 electrolysis on rhodium protoporphyrin at different potentials 

at pH=3, which were illustrated in Figure 3 with error bars. The electrolysis has been conducted at each 

certain potential for 2h. And the faradaic efficiency has been calculated as following: 

FE =
𝑐𝐻𝐶𝑂𝑂𝐻 × 𝑉 × 𝐹

𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒 × ∆𝑡
 

Where  𝑐𝐻𝐶𝑂𝑂𝐻 is the concentration of formic acid detected using HPLC, V is the volume of electrolyte 

used during the electrolysis, F is the faradaic constant, Iaverage is the average current during the 

electrolysis for a certain time and ∆t is the interval of the time for collecting samples. In accordance with 

results from HPLC, formic acid can be only produced at relatively negative potential which is more 

negative than -1.1 V. As the potential becoming more negative, the faradaic efficiency of formic acid is 

increased, reaching its maximum value of 50% at -1.2 V. As the potential applied more negative than -

1.2 V, the faradaic efficiency decreases to 26%. When the electrolysis potential is -1.4 V, the faradaic 

efficiency of formic acid is less than 10%. The decreasing is probably owing to the competition of the 

hydrogen evolution reaction at such negative potential as mentioned above. It is can be found that the 

faradaic efficiency often exhibits big error bar. This is probably due to the sluggish diffusion of formic 

acid leading to the concentration gradient from electrode surface to the position where we collect samples. 

Besides, the samples were collected at different time, so the position for collecting samples is impossible 

to be controlled exactly the same at every time.  In order to diminish the deviation, it is needed to stir 

the electrolyte during the whole electrolysis process, which is not conducted in this paper.  

 

 

 
Figure 3. Faradiac efficiency of formic acid from CO2 reduction on rhodium protoporphyrin immobilized 

pyrolytic graphite to formic acid at different potentials in 0.1 M perchlorate solution saturated 

with CO2 at pH=3. At each potential, the electrolysis was conducted for 2h at PCO2=1atm. Error 

bars were determined from 3-5 data points. 
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3.4. Volatile products formation 

The formation of volatile products from CO2 reduction catalyzed by rhodium-protoporphyrin are 

detected using OLEMS at pH=1 and pH=3 as shown in Figure 4. Same experiments have also been 

conducted at pH=2, which has the similar final results as those at pH=1 except for the lower ion current 

for the fragment monitored. Therefore, the results are not shown here. From Figure 4, it can be seen that 

only volatile product could be measured is hydrogen (m/z=2) no matter at pH=1 or pH=3. The formation 

of hydrogen initiated at around -0.4 V at pH=1, which is at the range of the direct proton reduction as 

elucidated in our previous work.[22] As pH increased to 3, the onset potential for the hydrogen formation 

is much more negative than that at pH=1, which is about -1.2 V. As discussed in the literature,[27] the 

hydrogen formation at this potential is related to the water reduction. On the other hand, this potential is 

right in the range where formic acid formed as elucidated as above, further confirmed above mentioned 

deduction that the hydrogen source for the electrochemical reduction of CO2 is probably from water 

rather than protons. However, if we zoom in the potential range from -0.4 V to -1.0 V, it still can be 

found that the tiny amount of hydrogen is formed which runs into diffusion limitation quiet soon. As 

elaborated in literature,[22] the hydrogen evolution reaction occurred in this area is probably related to 

the direct proton reduction, whose reaction rate is proportional to the concentration of proton. Based on 

the HPLC and OLEMS measurements, the possible products produce from the electrochemical reduction 

of CO2 catalyzed by rhodium-protoporphyrin could only be formic acid, and it is hardly reduced further 

to form more than 2-electron transferred products such as methanol or methane. 

 

 

 
 

Figure 4. 4 Identification of volatile product by OLEMS with cyclic voltammagram during electrochemical 

reduction of CO2 at (a) pH=1  (100 mM HClO4 + 100 mM NaClO4) and (b) pH=3 (1mM HClO4 + 199 

mM NaClO4) in 0.2 M 𝐂𝐥𝐎𝟒
− solution saturated with CO2.  The OLEMS signals of m/z=2 and 15 

corresponding to H2 and CH4 respectively. Scan rate: 1 mV/s.  

 

(a) (b) 
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3.5.CO and formic acid electrochemical reduction 

In order to understand the mechanism of the electrochemical reduction of CO2 catalyzed by 

rhodium-protoporphyrin, especially the process after the formation of 2-electron transferred products, 

such as methanol and methane, the electrochemical reduction of CO and formic acid catalyzed by 

rhodium-protoporphyrin has been investigated using HPLC and OLEMS as shown in Figure 5. No matter 

for the electrochemical reduction of CO or formic acid, the HPLC detection at different pH (from pH=1 

to pH=3) exhibited no formation of detectable liquid products. Therefore, the concentration profiles of 

the liquid products from the CO and formic acid reduction have not been presented here. For the 

electrochemical reduction of formic acid, the only gaseous product detected is hydrogen. The OLEMS 

measurements related to the formic acid electrochemical reduction were not shown here neither. From 

Figure 5, the most obvious difference with the electrochemical reduction of CO compared to CO2 

reduction is that the onset potential of the hydrogen evolution reaction at pH=1 (-0.6 V) is a little bit 

more negative than the situation when the electrolyte saturated with CO2. On the other hand, tiny amount 

of CH4 (fragment m/z=15) could be detected at pH=1from the electrochemical reduction of CO. At pH=3, 

the onset potential for the hydrogen evolution reaction is also more negative (-1.25 V) than that with 

CO2 saturated. With pH increased from 1 to 3, the formation of CH4 is clearly suppressed with only very 

tiny amount at quite negative potential. Consistent with our previous discussion, the formation of CH4 

is an electron-proton concerted process which needs electron and proton transferred at the same time. 

Therefore, the formation of CH4 preferred to be produced at more acidic condition such as pH=1. 

However, the amount of CH4 produced from the electrochemical reduction of CO catalyzed by rhodium- 

protoporphyrin is quite rare, so it is impossible to quantitatively calculate the faradaic efficiency.  

Abdinejad and coworkers studied the electrocatalytic reduction of CO2 to CH4 and CO in aqueous 

solution using iron pyridine-porphyrins immobilized onto carbon nanotubes. [28] The greatest FECH4
 

achieved 41% and the highest total FEtotal is 92% at -0.6 V vs. RHE. They also demonstrated that the 

heterogeneous immobilization of porphyrins on the carbon support matrix exhibited exceptional 

catalytic activity and selectivity, which is probably due to the rapid electron transfer between the catalyst 

and electrode. The proposed mechanism for the formation of CO is similar to what have published in 

literatures. [29] However, the process of CH4 formation involves a multitude of electron and proton 

transfer steps as well as multiple reaction intermediates, leading to the complexity of providing detailed 

mechanism. [30]   
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Figure 5. Identification of volatile product by OLEMS during the electrochemical reduction of CO at 

different pH. CV of CO reduction in in 0.2 M 𝐂𝐥𝐎𝟒
−  with saturated CO associate mass fragments 

of volatile products detected with OLEMS on (a) pH=1 (100 mM HClO4 + 100 mM NaClO4) and (b) 

pH=3 (1mM HClO4 + 199 mM NaClO4).  The OLEMS signals of m/z=2 and 15 corresponding to 

H2 and CH4 respectively. Scan rate: 1 mV/s.  

 

 

From literatures, it is clear that the catalytic activity and selectivity of metal-protoporphyrins 

towards the electrochemical reduction of CO2 is highly dependent on the metal center.[31-33] Birdja and 

Göttle et al have discussed the influence of the metal center of metalloprotoporphyrins on the 

electrocatalytic CO2 reduction experimentally and theoretically.[34,35] Birdja and coworkeds explained 

that rhodium-protoporphyrin is the active for both hydrogen evolution reaction and CO2 reduction 

leading to the relatively low faradaic efficiency. Göttle et al elucidated that the distinction between 

metal-electroactive and ligand-electroactive metal-porphyrin is a helpful descriptor to distinct the 

selectivity and the reaction pathways of the electrochemical reduction catalyzed by metal-porphyrins.  

The metal-electroactive metal-porphyrins included the metal centers of Fe, Co and Rh, while ligand-

electroactive which is ascribed as phlorin metal-porphyrins encompass Ni, Cu, Zn, Pd, Ag, Cd, Cd, Ga, 

In, and Sn metal centers. The theoretical prediction indicated that the formation fo metal-bonded 

carboxylate and metal-hydride intermediates are much more favorable than ligand-electroactive 

intermediates during the process. Two reduction steps are related to Fe(III) center leading to formation 

of the formal Fe(0) oxidation state is necessary to trigger the electrochemical reduction of CO2 to CO.[36] 

Regarding with cobalt-protoporphyrin, the metal-bonded carboxylate group is considered as the most 

possible intermediate for the CO or CH4 formation following a proton-coupled electron transfer step.[37] 

The onset potential of CO2 reduction on cobalt protoporphyrin appears to be related to the CoII/CoI redox 

transition. The metal-bonded carboxylate intermediate formed through a hybrid orbital consisted of 

cobalt metallic orbital (dz
2 (ca. 20%) and dx

2
-y

2(ca.40%) with the antibonding 𝞹* orbital (ca. 40%) of 

CO2. [38] For the rhodium-protoporphyrin, the theoretical prediction is that a reduced metal center 

followed with the formation of a metal-bonded carboxylate intermediate leading to CO formation from 

(a) (b) 
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the electrochemical reduction of CO2. However, in contrast with the theoretical prediction, CO has not 

been observed instead of the formic acid is found to be the only product from the electrochemical 

reduction of CO2 as shown above. A strong affinity of axial ligation for rhodium catalyst has been 

observed experimentally. [39] The presence of axial ligands has been proved to shift the reduction 

potential significantly to more negative direction. Pentacoordinated hydroxo complex [Rh(III)P(OH)] 

exhibits the reduction potential at E ≈ -0.8 V vs RHE. The formation of formic acid or formate through 

the intermolecular hydride (metal hydride or the phlorin ligand) is considered to be the most possible 

pathway for all metal centers. The onset potential for the electrochemical reduction of CO2 which is -1.2 

V as presented above is substantially more negative than the equilibrium potential of formic acid/format 

formation as calculated. The formation potential of phlorin is impacted little with the possible presence 

of axial ligands compared to the reduction potential of rhodium center. On the other hand, the axial 

ligands can also hinder the formation of the metal-hydride which is the other possible intermediate for 

the formic acid/formate formation. In a word, the production of formic acid from the electrochemical 

reduction of CO2 catalyzed by rhodium-protoporphyrin is likely to mostly proceed via the phlorin 

intermediate. The discrepancy between the experimental and theoretical results is due to the strong 

affinity of axial ligands on rhodium center. 

 

4. CONCLUSION 

Stated thus, rhodium-protoporphyrin is catalytically active for the electrochemical reduction of 

CO2 with formic acid as the only product at pH=3. In more acidic electrolyte, the hydrogen evolution 

reaction will be dominate leading to the electrochemical reduction of CO2 is negligible. The theoretical 

prediction indicates that the most favorable pathway of the electrochemical reduction of CO2 catalyzed 

by rhodium-protoporphyrin should be the formation of a metal-bonded carboxylate intermediate which 

will finally lead to the formation of CO. However, the experimental results presented here exhibited the 

formation of formic acid which needs a hydride to trigger the reaction through intermolecular hydride 

transfer mechanism. The reason for the discrepancy is probably due to the strong affinity of axial ligation 

for the rhodium metal center which resulted in the difficulty of the formation of metal-active intermediate 

such as metal-carboxylate group or metal-hydride. Thus, the formation of formic acid is probably 

through phlorin intermediate. However, there is still lack of experimental evidences to confirm the 

hypothesis which needed further investigations. 
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