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In the present study, the photoelectrocatalytic performance of a homogenous manganese(l11) teraphenyl
porphyrin (Mn(TPP)CI) complex for carbon dioxide (CO2) to carbon monoxide (CO) reduction has been
evaluated. The electrocatalysis experiment was carried out at a Group IV (boron-doped p-type H-
terminated silicon) semiconducting electrode in 0.1 M [NBu4][BFs]-MeCN) electrolyte. The study was
carried out at different concentration of the catalyst (0.05, 0.5 and 1 mM) and Bronsted acid (CFsCH20H,
4-32 mM) under dark and illuminated (with polychromatic light) conditions. Results of the study
indicated that the CO- reduction takes place at a much lower potential with appreciable current efficiency
(48.2%) under illuminated conditions as compared to the dark condition. Besides, as compared to the
previously studied carbon electrode system, the results are much better. Other than CO, molecular
hydrogen generated as the second main product with current efficiency 42%.
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1. INTRODUCTION

Carbon dioxide (CO) is a linear triatomic molecule with immense importance in the nature. For
instance, it is a primary greenhouse gas that keeps the earth’s temperature balanced and used in photo-
synthesis process.[1] However, an increased CO. concentration (due to anthropogenic emission) is
equally responsible for the global warming and deleterious effect on the environment via direct (i.e.,
trapping longwave radiation) and indirect (altered plant physiology) pathways.[2] Besides, increasing
level of CO2 has also been linked with acidification of sea, and desertification, etc. [3] To circumvent
these challenges, recycling of CO> into useful feedstock and chemicals have been suggested as the
promising solution. [4] In fact, CO2 serves as an excellent, cheap and abundant building block for
obtaining industrially useful C1 chemicals such as methanol (CHsOH), formic acid (HCOOH) etc. [5]
Despite this, converting CO: to the useful chemical products is a daunting task as it is thermodynamically
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and kinetically uphill process. [6] Therefore, an external source of energy is often employed to reduce
CO. and various methods have been suggested developed in this direction. Among them, electrochemical
reduction (ECR) of CO2 emerged as an excellent technique due to its rapid nature, low cost and other
features. [7] In the last three decades, ECR using transition metal complexes as electrocatalyst have
gained an enormous research interest. [8] In literature, various homo- and heterometallic complexes have
been reported with low to high activity. [9] It is to be noted that the nature of the reduced product
(selectivity) depends on various factors such as solvent, electrolytes etc. Besides, it has also been
demonstrated that the illumination of light drives the ECR of CO,. Based on this knowledge, several
photocatalysts and photoelectrodes have been reported in the past. [L0] Among them, use of Group 1V
materials (such Si) for photoelectrochemical reduction of CO2 known since the last two decades. [11-13
] In 2012, Kubiak and co-workers [14] demonstrated visible light-assisted CO> — CO and H20 — H>
conversion using a combination of homogeneous Re(l) complex a heterogeneous p-Si in non-aqueous
medium. Similarly, it was shown that photoelectrocatalytic conversion of CO2 — CO can also be driven
at a B-doped, H terminated, p-type S electrode in the presence of a homogenous metalloporphyrin
electrocatalyst.[15] Recently, an immense interest have been garnered in the use of metalloporphyrins
for electrochemical reduction of hydrogen and CO.. For example, electrochemical reduction of CO>
using manganese(lll) tetraphenyl porphyrin (Mn(TPP)CI) as electrocatalyst has been reported with
current efficiency = 50- 55%. Among others, the CO> — CO conversion was the function of type of
proton source, amount of catalyst and others. Intrigued by this, present herein is the photoelectrocatalytic
performance of a homogenous Mn(TPP)CI complex for ECR of CO2 to carbon monoxide (CO) reduction
at boron-doped p-type H-terminated silicon.

2. EXPERIMENTS

2.1. Materials and methods

Unless otherwise stated, all chemicals, solvents, Mn(TPP)CI, and CFsCH2OH were purchased
from Aldrich (Germany) and used without further purification. Acetonitrile (CH3sCN) was dried by
distillation over calcium hydride. Boron-doped p-type H-terminated silicon semiconducting electrode
was obtained from Silicon Materials (Germany) and processed as per literature method. [14] Kriiss
halogen fibre optic lamp (90mWcm™, Amax = 650 nm) was used as the source of polychromatic visible
light.

All cyclic voltammetric (CV) experiments were carried out using an Autolab PGSTAT 30
potentiostat equipped with a conventional three-electrode system: a working electrode (vitreous carbon),
an auxiliary electrode (platinum wire) and a reference electrode (Ag*/AgCl). To an electrochemical cell
containing CH3CN and electrolyte [BusN][BF4] (c = 0.1 M, 12 mL) under inert condition, different
amount (0.05, 0.5 and 1 mM) of catalyst Mn(TPP)CI was loaded and stirred to ensure homogenous
solution. The CV of Mn(TPP)CI was collected in the presence and absence of CO- in the dark and under
the visible light.
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3. RESULTS AND DISCUSSION

3.1. Cyclic voltammetry (CV) of Mn(TPP)Cl in dark and under the visible light

The first step was to examine the electrochemical behavior of complex 0.5 mM Mn(TPP)CI in
0.1 M [NBu4][BF4]-CH3CN) under the dark and visible light modes at boron-doped p-type H-terminated
silicon. Under the dark condition, two reduction peaks (-1.45 & -1.0 V vs Ag/AgCl) observed, which
shifted to the positive potentials (-0.90 & -0.50 V vs Ag/AgCl) upon irradiation of light, as shown in Fig.
1a. These two reduction waves can be attributed to Mn"""' — Mn'" and Mn'"' — Mn' couples, respectively.
[15]

Following this, the ECR potential of Mn(TPP)CI at boron-doped p-type H-terminated silicon
electrode under illuminated condition in the absence and presence of CO, was also measured (Fig. 1b).
The second reduction wave appears to be more than one electron process and the reason could be
manifold, i.e. reduction of metal (Mn''— Mn"), ligand (TPP), or water (solvent) and/catalyst adsorption
on the electrode. It was noted that Mn(TPP)CI, in absence of proton source, interact with the CO> near
second reduction wave. Possibly in this region, CO- reduced to [MnCO2]* which subsequently reduced
to CO. The catalytic current increase slightly about one and a half time.
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Figure 1. CV curves of 0.5 mM Mn(TPP)CI in [BusN][BF4]-CH3CN (c = 0.1 M) (a) in dark (red plot)
and illuminated (black plot) modes in inert atmosphere, (b) in N2-(black) and CO,-saturated (red)
electrolyte at boron-doped p-type H-terminated silicon at a scan rate of 100 mV.s™.

3.2. Effect of Bronsted acid (CFsCH20H) on CV of Mn(TPP)CI under the visible light

It has been reported that the addition of a Bronsted acid significantly improves the performance
(lifetime, efficiency, selectivity) of the catalyst. In this study, we selected trifluoroethanol (CF:CH20OH)
as the source of proton. Fig. 2a depict the CV curves of 0.5 mM Mn(TPP)CI in [BusN][BF4]-CHsCN (c
= 0.1 M) in varying amount of Bronsted acid (CF3CH20H) under illuminated condition. It was noted
that the presence of CFsCH2OH led to a very large catalytic current, supporting the proposition. A
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catalytic wave near -1.00 V versus Ag/AgCl was observed, which was about 2.5 x larger than under CO-
alone. Upon the addition of > 24 mM of CF3CH20OH, the current density reached a saturation and
therefore, catalysis become acid independent after this point. Kinetics of photoelectrocatalysis was also
investigated. Fig. 2b shows the plot of ratio of peak catalytic current (icat) to the peak current (io)
measured for the Mn(11)/Mn(1) reduction step at 100 mVs™ vs concentration of CFsCH,OH. Analysis
of this plot indicate that ica/io ratio is the function of acid concentration upto 28 mM and then become
independent. The rate constant (kobs) at illuminated silicon can be estimated from the ip / ip data using
the relationship:[17,18]
Kobs =0.1992(Fv/RTN? )(icat/io) 2 Eq.1

where F is Faraday constant, R is gas constant, T is temperature and n is the number of moles of

electron.

ip measured at the potential where the current approaches a plateau at -0.90 V versus Ag/AgClI.
The value of kobs is equivalent to the turnover frequency (TOF) of the system and is estimated to be 0.32
x 102 s 1, rate constants ki, was assigned values of 1.28 x10> M 1s 1,
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Figure 2. CV of Mn(TPP)CI (0.5 mM) in MeCN containing 0.1 M [NBu4][BF.] at illuminated p-type
Si electrode under 1 atm of COz in presence of 4 Mm, 8 Mm, 12 mM,, 12 mM, 16 mM, 20 mM,
24 mM, 28 mM and 32 mM CFsCH,OH. Scan rate 100 mVs?. (b) effect of the CFsCH,0OH
concentration on ip/ig ratio for the Mn(1)/Mn(0) reduction wave at illuminated p-type Si electrode.

3.3. Preparative-Scale Electrolysis at p-type Si electrode

Preparative scale ECR of CO2 was performed at boron-doped p-type H-terminated silicon and
the products were analyzed using GC-MS. Table 1 summaries the results of preparative scale ECR. As
it is clear, during 90 mins of photoelectrolysis (0.5 mM catalyst, 32 mM CFzCH>0OH), the amount of CO
produced was 13.2 umoles (C.E = 48%, -1.00 V vs Ag/AgCl, 25 °C). Besides, H; as co-product (C.E. =
42%, 10.4 umoles) was also observed in somewhat lower quantity. The current vs time shows that the
current decrease dramatically after 15 min and the become stable within 36 min , then the current
decrease slightly until the current become about 15%. (Fig. 3). It was also noted that the amount of CO
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and H2 produced was the function of catalyst loaded. For instance, when the catalyst load was doubled
(1.00 mM), the amount of CO increased (C.E. = 53%) while H» decreased (C.E. 22 %).
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Figure 3. The current versus time: 0.5 mM Mn(TPP)CI in the presence of CO2 and 32 mM CF3CH>OH
in CH3CN containing 0.1 M [BusN][BF4] at boron-doped p-type H-terminated silicon.

Table 1. Summary of ECR of CO> on preparative scale.

Complex Conc charge Current Number of Current Number of
/mM /IC efficiency (C.E.) | CO /umol efficiency Hz /umol
CO % H2 %
1 6.2 53 17 22 7
Mn(TPP) 0.5 4.8 48.2 12 42.2 10.5
Cl 0.05 3.6 34.7 6.3 49.3 9.2

Table 2 summarise the result of photoelectrocatalytic experiment performed under similar
condition (0.5 mM, 2.5 p moles of Mn(TPP)CI and 32 mM CFsCH2OH) but for a longer time (100 min).
The amount of main and co-products (CO or H2) generated was measured at regular interval by gas
chromatography coupled with mass spectrometer (GC-MS). As is clear from the table, the amount of
both the main and co-products (CO or Hy) were the function of electrolysis time. For example, after 20,
40, 60, 80 and 100 mins of electrolysis time, the amount of CO produced was 2.8, 5.7, 7.9, 9.6 and 10.6
pmole, respectively (Fig. 4a). Similar trend was noted for H». It is worth mentioning here that the current
efficiency (CE) increased during 20 to 80 mins interval and then become stable (for CO) dipped slightly
(for Hy) afterwards (Fig. 4b). Control experiment was run at the same condition as above experiment,
but in absence of the catalyst and there was no CO detected.
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Table 2. The effect of time on ECR of CO: on preparative scale.

Time / min 20 40 60 80 100
Number of moles/umole CO 2.8 5.7 7.9 9.6 10.6
H. 1.8 3.3 5.1 7.2 7.8
Current efficiency CO 29 38 42.3 45 44.5
(%) Ho 18 23 27.3 34 32.7
T.N CO 1.1 2.3 3.2 3.8 4.3
H. 1.2 1.6 2.1 2.5 3.1
Charge passed, ¢ 1.9 2.8 3.6 4.1 4.6
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Figure 4. Electrolysis of CO> (1 atm) in the presence of Mn(TPP)CI at boron-doped p-type H-terminated
silicon in 0.1M [BusN][BF4]- CH3CN in the presence of 32 mM CFsCH20H ( electrode potential
-1V vs Ag/AgCl at room temperature).

In Table 3, we compare the performance of different metal complexes for ECR of CO> reduction
at p-type Si electrode. It is clear from the table that the ECR ability of the complex, among others, is the
function of both the metal centre and coordinating ligands. In case of Fe, Co, Re and Ni-based
complexes, C.E. 22-95% has been reported [15, 19-22]. Not surprising, Re(l) complexes have been
reported with very high efficiency [21]. The performance of porphyrin complexes can also be modulated
by the coordinating ligand. For instance, fluorinated porphyrins exhibit low C.E. (in case of Fe) while
high C.E. in case of Co. In this work, it was noted that non-functionalized TPP-based Mn complex
exhibit intermediate performance [23]. In a previous study, it was found that the same complex catalyse
the reduction of CO. with a slight higher efficiency (~ 50- 55%) on carbon electrode. Similar to this
study, nature and amount of the product were found to dependent on the type of acid use. However, in
this study, we found a better turn over number.
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Table 3. Comparison of the effect of various complexes on CO; reduction at p-type Si electrode.

Complex Conc. Potential Reference e?flijcri:ilr::t Ref
b (mM) electrode Y '
V) (CO %)
Mn(TPP)CI 0.5 -1.00 Ag/AgCI 48.2 VTVQ'rT(
Fe(PFTPP)CI 0.55 -0.90 Ag/AgCl 22 17
Co(TFPP) 0.35 -1.55 Ag/AgCI 65 18
Fe(TPP)CI 0.5 -1.2 SCE 90 13
Re(bipy-But)(CO)3CI 0.8 -1.44 Ag/AgCI 97 19
[(Me6[14]aneN4)Nill]?* 18 -1.3 SCE 95 20

4. CONCLUSION

In conclusion, the photoelectrochemical CO, reduction ability of a homogenous Mn(TPP)CI
complex at p-type silicon semiconducting electrode has been studied. Irradiation of the electrode with
polychromatic light shifted to the reduction potentials of Mn(TPP)CI in DMF containing 0.1M
[NBu4][BF4] towards the positive potentials. At p-type Si electrode and under illuminated conditions,
conversion of CO- to CO takes place at a potential ca 500 mV positive to that of an inert vitreous carbon
electrode with CE of 48.2%. The addition of a weak acid (CF3CH20OH) improved the CO- reduction
process via stabilizing the catalytically active intermediate complex. Besides, hydrogen was also
detected as the second major product (CE = 42 %). More H production detected at a lower concentration
of catalyst, while the increasing of catalyst concentration let to decrease of production of hydrogen.
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