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Efficient heterogeneous C0; to CO conversion with
a phosphonic acid fabricated cofacial iron por-
phyrin dimer.

Eman A. Mohamed,' Zaki N. Zahran,'9* Yoshinori Naruta.!*

Institute for Chemical Energy Conversion Research and Institute of Science and Technology Research, Chubu University, Kasugai
487-8501, Japan, SFaculty of Science, Tanta University, Tanta, Egypt, ‘JST, Kawaguchi, Saitama, 332-0012, Japan.
*znzahran@isc.chubu.ac.jp and naruta@isc.chubu.ac.jp

ABSTRACT: For developing renewable fuels and controlling global warming, catalyst promoted CO: to CO is essential. Numerous CO; to
CO conversion molecular catalysts have shown very high activity and stability. For large-scale conversion, immobilization of the molecular
catalysts to conducting electrodes is essential. Several efficient molecular catalysts have been immobilized to conducting electrodes via physi-
cal bonds. We found that immobilization of a monolayer of the highly efficient Fe porphyrin dimer molecular catalyst via a phosphonic acid
anchor to a fluorine-doped tin oxide electrode, FTO/Fe;xDTPFPP-PO;H, showed high activity and stability for CO. to CO conversion at a
very low catalyst loading in non-aqueous and aqueous solutions. A high current density was achieved for the CO; to CO conversion by load-
ing more amount of the catalyst to a thin mesoporous layer of SnO, or TiO: nanoparticles on FTO. In neutral aqueous solutions, the non-
innocent behavior of the FTO electrode was overcome by modifying its catalyst-free surface with hydrophobic n-butyl phosphonic acid

groups.

Introduction

The CO: reduction to useful carbon resources is an essential re-
action for developing renewable fuels and for controlling the global
warming resulting from the CO, green house effect.">** The CO;
reduction, however, is one of the biggest challenges in chemistry
because of the high CO, thermodynamic stability and the versatile
reduction products generated via single/multi-electron CO, reduc-
tions.® Focusing on CO: to CO conversion, several efficient homo-
geneous or heterogeneous catalysts have been reported, mostly in
non-aqueous solvents (CH;CN, DMF, or mixture of the solvent
and weak Bronsted acids). These include precious metal- (e.g.
Re, %% Ru,'"'"'* Ir,"® Au,'*"* etc.) or non-precious metal- (e.g.
Fe)16,17,18,19,20,21 Ni,22,23,24,25 Mn,26,27 C0’28,29,30,31,32 etC.) based CatalyStS.
In terms of practical applications, the development of base metal is
of great interest.”

Inspired from the binuclear Ni, Fe-active center of carbon mon-
oxide dehydrogenase (CODHs) that efficiently catalyzes the re-
duction of CO, to CO,****¥3% we recently reported several co-
facial Fe porphyrin dimers, Fe;Dpor having binuclear Fe centers at
a suitable Fe—Fe separation distance and bearing electron- donat-
ing/withdrawing substituents at the peripheral porphyrin rings as
homogeneous molecular catalysts for CO, to CO conversion in a
DMF/10% H.O solution without addition of any acids. The dimers
efficiently and selectively catalyze the electrochemical CO, to CO
conversion with high Faradic efficiency, more than 90 %, and

benchmarking turnover frequencies, TOFs, up to log TOF = 5.8 s™".

They showed superior activity and stability for the CO, to CO
conversion over the corresponding Fe porphyrin monomers. Con-
trol experiments with the mononuclear Fe porphyrin monomers
and the 1,3-phenylene bridged binuclear Fe porphyrin dimer; indi-
cated the importance of the binuclear Fe centers and the Fe—Fe

separation distance for the CO, to CO conversion. The substitu-
ents on the peripheral porphyrin rings greatly affect the activity and
the overpotential, 77 of the catalysis process where the pentafluoro-
phenyl Fe porphyrin dimer, FexDTPFPP showed the lowest 77 (0.4
V) among the Fe porphyrin dimers for the CO. to CO
conversion.*”* Although the homogeneous catalysis is essential for
developing and understanding the catalysis process and its mecha-
nisms, the heterogeneous catalysis is necessary for both developing
large scale electrolysis and for integrating the catalysts with suitable
semiconductor for CO, to CO photo-assisted conversion.

Herein, we successfully fabricated the FexDTPFPP molecular
catalyst with a phosphonic acid anchor, FexDTPFPP-PO;H. to
assemble on a surface of FTO, FTO/SnO,, and FTO/TiO; elec-
trodes through chemical bonds and use the assembly as a heteroge-
neous CO, to CO conversion catalyst. The low 7 of the
Fe;DTPFPP-PO:H. dimer allowed us to safely use the assembly
within the FTO potential window in non-aqueous DMF and
CH;CN solutions. The assembly was also tested in neutral aqueous
solution after overcoming the non-innocent behavior of the FTO
electrode using a suitable hydrophobic self-assembled hydrocarbon
layer with alkyl phosphonic acid, n-BuPO;H..

Experimental

Here we will present the details of the preparation of the cofacial
Fe tetrapentafluorophenyl porphyrin dimer bearing a phosphonic
acid anchor group, Fe:DTPFPP-POsH. that was prepared by
stepwise procedures developed in our group according to Figure 1.
Other experiments are given in the supporting information, SI.
(a) Preparation of methyl 3-bromo-2-formylbenzoate. (com-
pound 2, Figure 1). According to reported procedures,* a mixture
of S-bromophthalide (1, 25 g 0.117 mol) and N-
bromosuccinimide (21 g, 0.118 mol) in CCl (200 mL) was re-
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fluxed for 1 day under irradiation of light from a 180-W sunlamp.
After cooling the reaction mixture, the solid succinimide was re-
moved by filtration, and the filtrate was evaporated in vacuo. The
resulting pale yellow powder was mixed with water:acetone:THF
(4:1:1, 600 mL). The mixture was refluxed for 1 day to give a clear
colorless solution. On cooling, 23 g of a 5-bromo-2-formylbenzoic
acid was produced that is isolated by filtration and washed with
distilled water. The acid was then converted to the corresponding
methyl ester by refluxing with MeOH (500 mL) in the presence of
anhydrous InCl; (2.0 g) for about 18 h. The solvent was removed
and after addition of water, white solid residue was extracted with
CHClI; from water. The CHCI; layer containing the desired com-
poundwas dried over anhydrous Na;SOs and the solvent was evap-
orated to give 24 g of 2 as a white powder in 84.4% yield. 'H NMR
(CDCL): 8 10.46 (s, 1H, CHO), 7.87 (d, 1H, Ar-H), 7.75 (d, 1H,
Ar-H), 7.65 (dd, 1H, Ar-H), and 3.88 (s, 3H, OCH;). MALDI-
TOF-MS m/z = 242.5 (found), 243.0 (calcd.).

(b) Preparation of 5-(5’-bromo-2’-methoxycarbonylphenyl)-
10,15,20- trispentafluorophenylporphyrin (compound 3, Fig-
ure 1). A 2-L three-neck round-bottomed flask was charged with
compound 2 (11 g, 0.045 mol), pentafluorobenz-aldehyde (26.6 g,
0.136 mol), freshly distilled pyrrole (12.1 g, 0.180 mol), and CHCls
(1300 mL). The colorless solution was purged with nitrogen for
about 15 min. Then, boron trifluoride diethyl ether complex
(BF3+Et,0, 15 mL) was added via s syringe. The color changed
slowly to dark red. The mixture was stirred at room temperature
under nitrogen and TLC monitored the progress of the reaction.
After 10 h, excess DDQ (DDQ = 2,3-dichloro-S,6-dicyano-p-
benzoquinone) solution (20 g/150 ml benzene, 0.088 mol) was
added to the reaction mixture, where the color changed to dark
green. The mixture was stirred at room temperature for further 4 h.
The solvent was removed, the residue was dissolved in a small
amount of CHCI;, the solution was loaded into an activated AL, O3
column and the reaction mixture was eluted with CHCL. The first
broad reddish violet band was collected. The TLC chromatography
of this band showed the presence of light red band on the top fol-
lowed by green band, strong reddish violet band then green and
black bands on the bottom. The reddish violet band was collected,
the solvent was removed, and the residue was further purified with
silica-gel column eluted with n-hexane:CH,CL (1:1) to give 5.0 g
of the pure compound (3) in 10.8 % isolated yield based on the
amount of compound 2. '"H NMR (CDCL): 8 8.85 (d, 8H, por-p-
pyrrole H), 8.33 (m, 2H, Ar-H), 8.09 (dd, 1H, Ar-H), 2.86 (s, 3H,
OCHs), and -2.78 (s, 2H, por-pyrrole H). MALDI-TOF-MS: m/z
=1023.0 (found), 1021.5 (calcd.).

(c) Preparation of 5-(5’-bromo-2’-hydroxymethylphenyl)-
10,15,20-tris pentafluorophenylporphyrin (compound 4, Fig-
ure 1). A 500-mL flask was charged with 3 (2.0 g, 0.02 mol) and dry
THF (50 mL). The solution was cooled to 0 °C, then LDBBA (30
mL, 0.33 M solution) was added dropwise. The reaction mixture
was stirred for 4 h at 0 °C under N>atmosphere, while the progress
of the reaction was monitored with TLC. After completed, the
reaction was quenched by 2 N HCI and the product was extracted
with CH,Cl.. The solvent was removed and the residue was puri-
fied with a silica-gel column using CH.Cl as an eluent to give 4
(1.94 g, 99 % yield) as a pure violet powder. 'H NMR (CDCL): 8
8.85 (d, 8H, pyrrole 3-H), 8.24 (t, 1H, Ar-H), 8.02 (dd, 1H, Ar-H),
7.87 (d, 1H, Ar-H), 427 (s, 2H, -CH,OH), 2.17 (t, 1H, -OH), and
-2.87 (s, 2H, por-pyrrole H). MALDI-TOF-MS: m/z = 994.1
(found), 993.5 (calcd.).

(d) Preparation of $-(5’-bromo-2’-formylphenyl)-10,15,20-
trispentafluoro- phenylporphyrin (compound §, Figure 1).
Compound 4 (1.5 g, 0.02 mol) was dissolved into dry CH.CL (200
mL) then an excess amount of activated MnO: (~5 g) was added.
The solution was stirred under N, for 2 hours. The TLC showed
complete conversion of the compound to 5. The MnO, was isolat-
ed by filtration. The solvent was removed in vacuo and the residue
was purified with Silica-gel column using CH,Cl, as eluent to give a
pure violet powder (1.4 g, 93.5 % yield). '"H NMR (CDCl;, 400
MHz): 3 9.39 (s, 1H, -CHO), 8.92 (s, 4H, por-B-pyrrole H), 8.86
(d, 2H, por-f-pyrrole H), 8.80 (d, 2H, por-f-pyrrole H), 8.43 (d,
1H, Ar-H), 8.30 (d, 1H, Ar-H), 8.15 (dd, 1H, Ar-H), -2.82 (s, 2H,
por-pyrrole H). MALDI-TOF-MS m/z = 990.0 (found), 991.5
(caled.).

(e) Preparation of 5-bromo-1,2-bis[5,10,15-tris pentafluoro-
phenyl porphyrinyl]benzene (compound 6, Figure 1). A 1-L
three-necked flask was charged with compound § (1.8 g, 0.02 mol),
pyrrole (1 g, 0.015 mol), pentafluoro-benzaldehyde (2.1 g, 0.01
mol), and dry CH>CL, (500 mL). The solution was stirred at room
temperature for 20 min under Na. Then, BF;«EtO (4 mL) was
added. After 4-h stirring, DDQ solution (5 g in 100 mL benzene)
was added and the stirring was continued for additional 2-h. A
pure violet powder of compound 6 was isolated (0.4 g, 12.4 %
yield) after column chromatographic separation. 'H NMR
(CDCL): 69.31 (dd, 4H, pyrrole B-H), 9.01 (d, 1H, Ar-H), 8.70
(d, 1H, Ar-H), 8.49 (dd, 1H, Ar-H), ) 8.38 (d, 12H, pyrrole §-H), -
4.15 (s, 4H, pyrrole NH). MALDI-TOF-MS: m/z = 1770.4
(found), 1769.9 (calcd.).

(f) Preparation of 5-bromo-1,2-bis[5,10,15-trispentafluoro-
phenylporp-hyrinate zinc]benzene (compound 7, Figure 1). A
solution of 6 (0.2 g, 0.001 mol) in CHCl;/MeOH (50 mL, 1:1)
was refluxed overnight with excess Zn(OAc),.4H.O (0.3 g, 0.014
mol). The solvent was then removed, the desired compound was
extracted with CHCl;/water two times, and the organic layer was
dried over anhydrous sodium sulfate. The compound was further
purified with a silica-gel column using CH,Cl as an eluent. The
reddish orange band was collected to give a reddish violet powder
(0.2 g 959 % yield). MALDI-TOF-MS: m/z = 1896.2 (found),
1896.7 (calcd.).

(g) Preparation of S-diethylphosphonyl-1,2-bis(5,10,15-tris-
pentafluoro-phenylporphyrinate zinc)benzene (compound 8,
Figure 1). Following reported procedures,”* a 100-mL 2-necked
flask was charged with 7 (200 mg, 0.11 mmol), Pd(OAc),, (23.7
mg, 0.11 mmol), triphenylphosphine (83.0 mg, 0.32 mmol), tri-
ethylamine (S0 mg, 0.49 mmol), diethylphosphite, and dry
THF/EtOH (50 mL, 1:1). The whole mixture was refluxed under
N: for S days. A standard workup including chromatography (sili-
ca-gel, CH,Cl.,/MeOH, 98:2 v/v) afforded reddish violet solid
(195 mg, 90.7 % yield). MALDI-TOF-MS: m/z = 1953.9 (found),
1953.9 (calcd.).

(h) Preparation of 5-diethylphosphonato-1,2-bis[5,10,15-tris-
pentafluoro-phenylporphyrin]benzene (compound 9, Figure
1). A CH;Cl solution (50 mL) of 8 (195 mg, 0.10 mmol) was
stirred with 6M HCl solution (50 mL) for 2—h. The organic layer
was separated from the acidic aqueous layer, washed with aq. Na-
HCO:s, then with water, and then dried over anhydrous Na,SO..
The solvent was removed and the residue was purified with a silica-
gel column using CH.Cl.:MeOH (98:2) as an eluent to afford 190
mg of 9 in 98% yield. 'H NMR (CDCL): 69.29 (dd, 6H, pyrrole (3
H), 9.02 (m, 1H, Ar-H), 8.88 (d, 1H, Ar-H), 8.82 (d, 1H, Ar-H)),
8.44 (d, 10H, pyrrole B-H), 4.60 (q, 4H, Et-CH.), 1.63 (t, 6H, Et-
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CHs), -4.08 (s, 4H, pyrrole NH). MALDI-TOF-MS: m/z = 1827.6
(found), 1827.2 (calcd.). UV-vis spectrum shows a Soret band at
397 nm and two Q bands at 515 and 589 nm (Figure S1). Anal.
Calcd for Cs7H37F30NsO4P (H.DTPFPP-PO;Et,-MeOH) C, 56.20;
H, 2.01; F, 30.66; N, 6.03%. Found: C, 56.02; H, 2.54; F. 31.13; N,
6.04%.

(i) Preparation of Fe.(5-diethylphosphonato-1,2-bis[$,10,15-
trispentafluorophenylporphyrin]benzene)Cl. (compound 10,
Figure 1). A 300-mL flask was charged with compound 9 (100 mg,
0.10 mmol), excess FeBr, (200 mg, 0.93 mmol), and dry DMF (30
mL). The mixture was refluxed overnight. The solvent was then
removed and the desired compound was extracted with
CHCI:/HCI (1M in H;O) three times then with CHCl;/NaHCO;
(saturated) three times and finally with the CHCl;/H.O three
times. The organic layer containing the desired compound was
dried over anhydrous sodium sulfate. The compound was further
purified with silica gel column using CHCI; containing 5% MeOH
as an eluent. The reddish brown band was collected to give a red-
dish brown powder (90.3 % vyield) of the desired compound.
MALDI-TOE-MS: m/z = 1934.6 (found), 1934.8 (calcd.).

(g) Preparation of [Fe,DTPFPP-PO;H:]Cl; catalyst. A 50-ml
flask was charged with 10 (195 mg, 0.10 mmol), TMSBr (TMSBr =
trimethylsilylbromid) (310 mg, 2.0 mmol), TEA (246 mg, 2.4
mmol), and dry CH>CL, (30 ml). The mixture was refluxed over-
night under N, atmosphere. After aqueous workup, the desired
compound was extracted by CH,Cl,, several times from the mix-
ture. The compound was further purified with silica-gel column
using CHCI; containing 5% MeOH as an eluent. The reddish
brown band was collected to give a reddish brown powder (90.3 %
yield) of the desired compound. MALDI-TOF-MS of the
Fe:DTPFPP-PO;H. dimer shows peaks at m/z values of 1878.9
corresponding to FexDTPFPP-PO;H, (calcd. 1878.7) and 1913.9
corresponding to [FexDTPFPP-PO;H.]Cl (M, caled. 1913.7)
(Fig. S2).

Results and discussion

Synthesis of Fe;xDTPFPP-PO;H, catalyst. Phosphonic acid
groups have been previously reported to provide a strong chemical
binding of several photo- and redox-active molecules to metal oxide
surfaces in several applications such as anchoring of phosphonic
acid fabricated bipyridine and terpyridine ruthenium dyes to TiO.
in dye sensitized solar cells******** and anchoring of a phosphonic
acid fabricated terpyridine ruthenium water oxidation catalysts to
ITO and FTO electrodes®. Because of its previously successful
results, we decided to fabricate the cofacial Fe porphyrin dimer that
showed the lowest 77 in homogeneous solution with a phosphonic
acid group to anchor it to the FTO, FTO/SnO,, and FTO/TiO;
electrodes surface and use the resultant assembly for the first time
as a heterogeneous catalyst for CO: to CO conversion. Although
the fabrication of the Fe porphyrin dimer, FexDTPFPP-PO:H.
molecular catalyst with a phosphonic acid group is long procedures,
it is straightforward and based on well-documented procedures.
Figure 1 summarizes the stepwise procedures used to fabricate the
Fe porphyrin dimer with a phosphonic acid anchoring group and its
anchoring to the FTO electrode surface. Details of the preparation,
purification, and characterization of the compound are presented in
the experimental section and supporting information, SI (Figures
SlandS2).

Chemistry of Materials

R
3 R=CO,Me j
4 R=CH,0H

5 R=CHO

10 Fe,DTPFPP-PO;H, FTO/Fe,DTPFPP-PO;H,
Figure 1. Synthetic route of the CO; to CO Fe porphyrin dimer cata-
lyst fabricated with a phosphonic acid anchor, FexDTPFPP-POsH.
and its anchoring to the FTO electrode surface. Reaction conditions,
A: N-bromosuccinimide, CCl,, H,O, (CH;).CO, THF, MeOH, InCl;,
B: pyrrole, pentafluorobenzaldehyde, BF:.Et.O, CHCl;, DDQ, C:
LDBBA, CH,Cl, D: MnO,, CH.Cl,, E: pyrrole, pentafluorobenzalde-
hyde, BFs.Et;0, CHCL;, DDQ, F: Zn(OAc).2H;0, CHCl;, MeOH,
G: Pd(OAc),, triphenyl phosphine, triethyl amine, diethylphosphite,
and THF/EtOH, H: 6M HCl, CHCL; I: FeBr,, DMF, HCl, H,O,
CHCl;, J: Trimethylsilylbromide, triethylamine, CH.Cl,, K: ImM
Fe:DTPFPP-PO;H; (in EtOH), FTO, 120°C for 48 hrs.

Performance of Fe;DTPFPP-PO:H., for CO: to CO conver-
sion as a molecular catalyst. As a homogeneous catalyst,
Fe:DTPFPP-PO:H, showed cyclic voltammetric behavior in a
DMF/10% H,0/0.1M TBAPFs (TBAPFs = tetra-n-
butylammonium hexafluorophosphate) solution under Ar and CO,
consistent with its high activity for the CO, to CO conversion at a
low 71 (Figure 2a). As the previously reported Fe porphyrin di-
mers,”* Fe;DTPFPP-PO;H,, showed, under Ar, a simultaneous
2e” redox couple (peaks 1/1°) assigned for 2Fe"" at a reduction
peak potential, E, = 0.05 V vs. NHE (hereafter, all potentials are
indicated against NHE except as noted). The irreversible reduction
peak at E, = —0.47 V (peak 1) is, as previously reported,”*’tenta-
tively assigned to an Fe porphyrin dimer species having a strong
axial ligand, CI’, possibly between the two porphyrin Fe ions. The
irreversibility of the peak indicates the loss of the axial ligand up on
the reduction. Successive 2e” redox couples, 2a and 2b, assigned to
the 2Fe"" were observed at E, = — 0.67 V and —0.80 V, respectively.
Finally a simultaneous quasi-reversible 2e” redox couple, 3/3 for
2Fe"? at E, = ~1.33 V (Figures 2a and S3). The higher current of
the reduction peak of the 3/3’ couple compared to ones for 1/1°
couple is possibly due to weak catalysis of residual protons. The
peak currents increase linearly with the square root of the scan rates
indicating its diffusion controlled processes (Figure S3 b).

Under CO., a strong catalytic current peak appeared at the top
of the electro-generated Fe’ species indicative of the catalytic CO.
reduction by the electro-generated Fe® active species (Figure
2a).1017181920213940 [y deed this behavior are similar to that shown by
the previously reported Fe porphyrin dimers.>* Although, the
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catalysis looks like S-shaped, the catalyst TOF was estimated from
the foot-of-the-wave analysis of the CVs based on equations 1-4 to
avoid any side phenomena that might accompanying the catalysis

prOCeSS 17,18,40,50

1

L_ g4 BT 2k[CO,] €))

= . - 2

tp Fv 1+exp [% (E - Eé’at)]
2k[CO

TOF = [€0,] )

1+ exp [R{:_T(E —ES: ]

log TOF = log 2k[CO,] — F/RT In10 (E&y, /co — Eéxt)
+ Fn/RT In 10 3)

where; log 2k[CO,] — F/RT In 10 (EQy, co — Eéx) = TOF®
T) =F — E((:)OZ/CO ) ESOZ/CO = —069 V (4)

Plotting i/i% vs. 1/{1+exp[F/RT(E-E’)]} according to equation 1
gives rise to a straight line of slope 2.24(RT/Fv)"*(2k[CO.])"?
(vis the scan rate in 0.1 V/s) from which the catalysis pseudo-first-
order rate constant, k[ CO-] is calculated. The k[CO.] is then used
to calculate the TOF according to equation 2. The logTOF-7
relationship was plotted according to equation 3, where i is the
catalytic current in the presence of CO, i% is the peak current in
the absence of CO», F, R, T, E, and TOF’ are the Faraday constant,
gas constant, absolute temperature (298 K), the electrode poten-
tial, and the intrinsic turnover frequency (turnover frequency at
zero 1), respectively.'”'** The value of 7} is calculated according to
equation 4 based on the reported thermodynamic redox potential
of the CO: to CO conversion in DMF/5% H,O solution containing
0.1 M "ButsNPFs as a supporting electrolyte, standard redox poten-
tial, E°(CO,/CO) = -0.69 V."” Recently, E°(CO./CQO) was report-
ed to be 0.51 V (-0.12 V vs. Fc"”® , Fc stands for ferrocene) and
-0.1V (-0.73 Vvs. Fc"”? ) in dry CH;CN and DMF, respectively.”'
In wet CH;CN ([H.0] = 1M), E°(CO,/CO was reported to be
-0.92 V (~1.55 V vs. F¢”°)* which is more negative than the value
reported previously, —0.644 V (~1.274 V vs. Fc"°)". In wet DMF,
the reported E°(CO,/CO) is —0.69 V that we used to calculate 1 in
this study.”” If this value has the similar error as found in wet
CH;CN, the 7 in this work as well as previously reported ones will
become smaller than the one appeared here.

Figure 2b depicts the foot-of-the-wave analysis of Fex.DTPFPP-
PO;H; catalyst that showed ke value of 2.2 x 10* s™', where E’c was
determined to be —1.24 V from the CV recorded at 100 mV/s scan
rate under Ar (Figure S3). The deviation of the results (black line)
from the simulated one (red line) indicates that some side phe-
nomena is accompanying the catalysis process even though the
catalysis is very close to S-shape.”” Figure 2c shows the catalytic
CVs responses of the Fe2DTPFPP-POs;H. compared with the
previously reported Fe porphyrin dimers (their chemical structures
are presented in Figure S4). Figure 2d depicts the logTOF-1) rela-
tionship for the current Fe;DTPFPP-POsH., catalyst and the pre-
viously reported Fe porphyrin dimers (Figure S4).* Table Sl1
summarizes the catalysis parameters of the Fe2DTPFPP-PO:H,
catalyst and the reported most active CO, to CO conversion cata-
lysts in homogenous solutions. Table S1 and Figure 2 clearly indi-
cate that the current Fe&;DTPFPP-PO;H. catalyst shows high ac-

tivity for CO, to CO conversion at low 7. Its activity is quite similar
to the phosphonic acid-free Fe porphyrin dimer, FexDTPFPP, in
homogeneous solutions. Unlike the prominent effects of the pe-
ripheral substituents of the porphyrin rings on the catalysis 7, the
phoshonic acid linker at the phenylene bridge induces less effect on
the CO, to CO conversion 1- Consistent with this observation, Fe
porphyrin dimers bearing the bromophenylene and the dieth-
ylphosphonate-substituted ~ phenylene, FeDTPFPP-Br and
Fe;DTPFPP-PO;Et,, showed similar behaviors (Figures SS and
S6).
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Figure 2. Performance of FexDTPFPP-POsH: (0.SmM) catalyst for
CO: to CO conversion in a homogeneous DMF/10% H.O/ 0.1 M
TBAPFssolution and comparison with other Fe porphyrin dimers. (a)
CVs at 100 mV/s scan rate under Ar (blue lines) and CO, (red lines).
(b) foot-of-the-wave analysis derived from (a). (c) Catalytic CVs
responses (forward scan only shown for clarity) for FexDTPFPP-
PO;H: and other previously reported Fe porphyrin dimers. (d) Tafel
plot [logTOF-1) relationships] of the FexDTPFPP-POsH: and other
previously reported Fe porphyrin dimers.

Anchoring of FeDTPFPP-PO;H, catalyst to FTO electrode
surface. The Fe;DTPFPP-PO:H. catalyst was fabricated to FTO
surface by immersing a pre-cleaned FTO electrode into a 0.5 mM
degased ethanolic solution of the catalyst in a gastight tube and
heated it at 120 °C for 48 hrs. We found that heating ata 120 °Cin a
gastight tube reduces the modification time of the catalyst and
increases its robustness on the electrode surface compared to soak-
ing the electrode in the catalyst solution at room temperature.®
The FTO/catalyst assembly was then taken out, washed several
times with EtOH, and allowed to dry at the room temperature for a
couple of hours before further cyclic voltammetric, electrolysis,
UV-vis, and X-ray photoelectron spectroscopy, XPS measurements.
Although the use of phosphonic acid as a covalent bond linker to

the metal oxide surfaces is well documented,* #4748

we per-
formed a control experiment by immersing FTO electrode in a
phosphonic acid-free Fe porphyrin dimer, Fe&;DTPFPP, solution
under the same conditions used to prepare the FTO/
Fe:DTPFPP-PO;H, assembly. The Fe.DTPFPP is completely

detached from the FTO surface during washing in EtOH. The CV,
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UV-vis, and XPS (Figure S7) measurements only showed the be-
havior of the bare FTO electrode. Indeed, the Fe porphyrin dimers
are highly soluble in EtOH, DMF, and CH;CN. This control exper-
iment confirmed that the Fe;DTPFPP-PO;H, catalyst is anchored
to the FTO electrode surface via covalent chemical bonds not via
physical adsorption to the electrode surface.

Performance of FTO/Fe.DTPFPP-PO;H., assembly for CO.
to CO conversion in nonaqueous solutions. Figure 3a depicts
the CVs of the FTO/ Fe;DTPFPP-PO;H: assembly in a DMF/
0.1M TBAPFg solution at different scan rates, vunder Ar. Unlike its
behavior in homogeneous solution, the FTO/ Fe.DTPFPP-
PO:H, assembly showed six consecutive le” reduction peaks
(peaks 1-6, Figure 3a) for the two Fe centers at 0.05, —0.15, —0.36,
-0.55,-0.77, and ~1.03 V suggesting fast electron transfer from the
FTO electrode to the catalyst through the phosphonic acid anchor.
Following a reported strategy,””** the amount of the surface loaded
Fe:DTPFPP-PO;H, catalyst on the FTO surface, I', was estimat-
ed to be 4.6 x 10" mol/cm” from the i,-v relationship based on the
relation; i, = n’IF°v/4RT (Figure 3a, insert).” The estimated I is
similar to that recently reported for Mn,DTPFPP-PO;H, anchored
to ITO electrode.

Figure S8 shows the UV-vis spectra of the FTO/Fe.DTPFPP-
PO:H; assembly and FexDTPFPP-PO;H: in EtOH. The charac-
teristic Soret band of the FTO/FexDTPFPP-PO:H; assembly at
404 nm was red shifted by 4 nm relative to that of Fex.DTPFPP-
PO;H; catalyst in EtOH. This feature is in agreement with that
previously reported for other porphyrin and metalloporphyrin
modified with an undecanoic acid or phosphonic acid linkers on
ITO surface and has been attributed to a side-by-side porphyrin -
aggregation (J-aggregate).”>*® The saturation coverage, I, of the
FTO/Fe:DTPFPP-PO:H, assembly was evaluated from the ab-
sorption spectrum on the basis of the equation I'= 107A/ ¢ (A and
€ (1.5 x 10° mol™ecm™sL) are the absorbance of the monolayer
and molar absorption coefficient, respectively).”” Using this equa-
tion, I" of Fe;DTPFPP-PO;H: on the FTO surface is estimated to
be 4.7 x 107> mol/cm? consistent with that evaluated from the CV
measurements.

XPS measurements of the FTO blank electrode and
FTO/Fe:DTPFPP-PO:H, assembly (before and after the elec-
trolysis, see later) were recorded for N 1s (N in the porphyrin), P
1s (P in phosphonic acid linker) and Fe 2p as a third marker for the
presence of the catalyst on the FTO electrode surface. We found
that both N 1s and P 1s can be used as markers for the presence of
the catalyst on the FTO electrode surface, however Fe 2p signal
overlaps with that of the Sn 3p3 peak that comes from the FTO
electrode. Figure 3b shows the XPS of the N 1s for the FTO blank
and FTO/Fe.DTPFPP-PO;H. assembly. The N 1s signal at 399.0
eV was observed only for the FTO/FexDTPFPP-PO;H, assembly.
Figure S9 depicts the XPS of the P 2p at 133.5 eV and Fe 2p spec-
tral region for the FTO blank and FTO/Fe.DTPFPP-PO;H. as-
sembly. The XPS, UV-vis, and CV measurements clearly indicate
the binding of the catalyst to the FT O electrode surface.

Figure 3¢ shows the CVs of the FTO/Fe.DTPFPP-PO;H. as-
sembly in a DMF/5% H,0/0.IM TBAPFs under Ar (blue line)
and CO:; (red line) at 100 mV/s scan rate. Under CO,, the assem-
bly showed a strong catalytic current for the CO, reduction indicat-
ing the high activity of the assembly as a heterogeneous catalyst for
the CO; to CO conversion. Similar behaviors were observed in a
CO»-saturated CH3CN/5% H>O/0.1M TBAPFs solution (Figure
$10). Similar to the catalysis observed in homogeneous solution,
the catalytic current is observed over the redox couple assigned for

Chemistry of Materials

Fe"? reduction indicating the involvement of the Fe’ active species
in the Catalysis.16,17,18,19,20,21,39,40

The activity, stability, and selectivity of the FTO/Fe.DTPFPP-
POsH, assembly for the CO, to CO conversion were evaluated
from single potential electrolysis experiments conducted for 6 h at
-12Vand -1.1V (n=0.51Vand 041V, E° (CO,/CO) = -0.69
V') in an airtight one-compartment electrochemical cell filled with
a DMF/5% H,0/0.1M TBAPFs solution saturated with CO.. A
control experiment was performed using a blank FTO electrode.
Figure 3c (inset, red line) shows the current density-time profile
obtained from the assembly and that obtained from the blank FTO
electrode (black line). The electrolysis of the assembly shows an
average current density of 0.25 mA/cm’ with consuming an
amount of charge, Q = 5.4 C over a 6 h electrolysis at = -0.51 V.
The blank FTO electrode, on the other hand, generated an average
current density of 15 UA/cm’with consuming an amount of charge,
Q = 0.32 C under the same electrolysis conditions. The gas chro-
matographic analysis of the headspace gas for the FTO/catalyst
assembly resulted in the formation of 24.5 + 2 umole CO and 2.5 +
1 umole H,. The headspace of electrolysis solution of the FTO
blank, however, contained 2 £ 1 umole H. as the sole product.
Subtracting the amount of H, produced during the control experi-
ment and based on the theoretical amount of CO calculated from
the consumed charge, the FTO/catalyst assembly selectively cata-
lyzed the CO, to CO conversion with 93% Faradic efficiency.
Based on the amount of the surface loading (I= 6 x 107> mol/cm?)
of Fe;DTPFPP-PO:H. on a FTO surface, the TOF of the catalysis
was estimated to be 245 s™' based on the 6 h electrolysis at 1 =
—0.51 V. The constancy of the current density (red line, Figure 3c,
inset) generated from the FTO/Fe;DTPFPP-POsH. assembly
during the 6 h electrolysis clearly indicates its stability for the CO,
to CO conversion as a heterogeneous catalyst. At 7 = -0.41 V
(Figure S11), a 0.45 C charge was consumed and 2.2 gmole CO
was generated in 94% Faradaic efficiency and 22.9 s™ TOF from

the assembly after 6 h electrolysis.
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Figure 3. (a) CVs at different scan rates of FTO/Fe;DTPFPP-PO;H.
assembly (1 cm?) in a DMF/5% H,O/0.1 M TBAPF solution under
Ar. Inset: ip-vrelationship derived from the CVs (b) N 1s XPS spectra
of the FTO blank and FTO/Fe;DTPFPP-PO:H. assembly before and
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after electrolysis (c¢) CVs at a 100 mV/s scan rate of the
FTO/Fe:DTPFPP-PO;H;assembly under Ar (blue line) or CO; (red
line). Inset: current density-time profile of controlled potential elec-
trolysis conducted at —1.2 V vs. NHE for FTO blank electrode (black
line) and FTO/Fe:2DTPFPP-PO;H, assembly (red line) under CO,
(d) Tafel plot [logTOF-7 relationships] of FTO/Fe.DTPFPP-
PO;H; assembly. Inset: foot-of-the-wave analysis of the catalytic CV
response. * are the logT OF calculated from the 6-h electrolysis experi-
ments at two different 7 values.

The XPS measurements of the N 1s of FTO/Fe.DTPFPP-
PO:H: assembly after the electrolysis (Figure 3b, blue line) and
the P 2p of the assembly (Figure $9a) showed the remaining of the
catalyst on the FTO electrode surface. This clearly establishes the
stability of the assembly for the CO.to CO conversion.

Foot-of-the wave analysis of the CVs for heterogeneous ca-
talysis. Foot-of-the wave analysis of the CVs was previously re-
ported as a quick estimation for the catalysis parameters in homo-
geneous and heterogeneous catalysis without the contribution of
side phenomena such as substrate consumption, catalyst deactiva-
tion, and/or product inhibition.'*'”'** We report here the use of
such analysis for heterogeneous catalysis to estimate their hetero-
geneous catalysis parameters. The analysis is based on the hetero-
geneous catalysis equations in a similar way reported for the homo-
geneous catalysis. The current, i, flowing through an electrode cov-
ered with [catalyst], I« in the presence of the substrate is given by
equation 5;**

0 2k[COIRY -
FS F 0
1+ exp [RT (E - Ecat)]

where S is the electrode surface area. In the absence of substrate,
the peak current of the catalyst is linearly changed with scan rate,
v, according to equation 6;**

FS  4RT

i0 0
lp _ Fvig

(6)

To eliminate the dependence on [catalyst] and S, equation 5 is
divided by equation 6 to give equation 7 for heterogeneous cataly-
sis;

= = 7)
14

i 4RT 2K[CO,]
= 2 F
l 1+ exp [ﬁ (E - Ec"at)]

The estimation of the catalysis rate constant, ke, was derived from
the Foot-of-the-wave analysis of the CV. The analysis is based on
plotting i/i% vs. 1/{1+exp[E/RT(E-E°)]} according to equation 7
that gives rise to a straight line of slope (4RT/Fv)2k[CO.] (Figure
3d, inset), where the k[CO.] was estimated to be 231 s™'. The
k[CO.] is then used to calculate the TOF and the logTOF-1 rela-
tionship (Figure 3d) according to equations 2 and 3, respectively,
as discussed before for homogeneous catalysis. As shown in Figure
3d and Table 1, the assembly, as a heterogeneous catalysis system,
shows alogTOF range of 1.2 ~ 2.3 s atalow 7 range, 0.4 ~ 0.6 V.
Comparing the TOF obtained from two single potential 6 h elec-
trolysis at 77 = 0.51 V and 0.41 V (245 s, 22.9 s blue * in Figure
3d) with the TOF obtained from the foot-of-the wave analysis of
the CVs of the heterogeneous catalysis clearly indicate the validity

of the analysis as a quick investigation of the heterogeneous cataly-
sis parameters.

Performance of Fe,DTPFPP-PO:H.: catalyst for CO. to CO
conversion in nonaqueous solutions with high current density.
The successful assembly of FexDTPFPP-PO:H, catalyst in a mon-
olayer on the FTO surface allowed us to evaluate its CO, to CO
conversion efficiency without the effect of charge diffusion rate that
controls the rate of the catalysis process in the case of the catalyst
immobilized film on the conducting electrode surface.® However,
the current modifications suffers from the limitation of the amount
of the catalyst loaded to the electrode surface that leads to the low
current density obtained for the CO, to CO conversion (0.25
mA/cm?, Figure 3c; Inset). To load more catalyst and test its per-
formance for CO, to CO conversion, we prepared a sintered meso-
porous thin film of SnO: nanoparticles on the FTO electrode (the
details of the preparation is given in SI). Soaking of the FTO/SnO.
electrode in the catalyst solution (0.1 mM, EtOH) for 1 h resulted
in ~ 57 times more loading, 2.6 x 107" mole/cm” of the catalyst (by
UV-vis) than one on an ordinary FTO electrode (Figure $12). The
SEM images of the resultant FTO/SnO,/Fe;DTPFPP-PO;H,
assembly showed that the surface of the assembly consists of a
mesoporous layer of SnO, nanoparticles in 20-50 nm¢ and the
particles are aggregated (Figures 4a, S13). The film thickness is ~1
um (Figure 4b). The XPS measurements of the assembly before
electrolysis showed the N 1s peak at 398.7 eV (Figure 4c, red line),
P 2p, (Figure S14a) and F 1s (Figure S14b) in its XPS indicating
the binding of the catalyst to the SnO, surface. The CVs and the
controlled-potential electrolysis at —1.2 V of the resultant
FTO/Sn0O./ FexDTPFPP-PO;H; assembly in DMF/TBAPFs are
shown in Figure 4d. The assembly consumed $9 C charge (corre-
sponding to theoretical amount of CO = 305.7 umol based on 2e”
reduction process) with generating an average current density of
3.0 mA/cm’ in a 5.5 h constant potential electrolysis. CO (275
umol) and H. (30 umol) gases were detected corresponding to
90% CO and 10% H, faradic efficiencies and a TOF of 53.4 s™". The
constant current density during the electrolysis and the XPS spectra
of the N Is, P 2p, and F 1s after electrolysis clearly indicate the
stability of the assembly for the CO- to CO conversion. Although,
the amount of the catalyst loading is about 56.5 times more than
the catalyst loading to the bare FTO electrode, the current density
increases only 12 times compared to the current density obtained
from the FTO/Fe;DTPFPP-PO;H, assembly (0.25 mA/cm?)
probably due to controlling the catalysis rate by the charge diffu-
sion in the SnO:; film. Although, the TOF decreased to 53.4 s™' in
the high current density operation heterogeneous catalysis it is still
high remarkable value along with the other reported systems (Ta-
ble 1).
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Figure 4. (a) and (b) top and side view SEM images of FTO/Sn0O,
loaded with the Fe;DTPFPP-POsH: catalyst. (c) N 1s XPS spectra of
the FTO/SnO; blank and FTO/SnO/FexDTPFPP-PO;H.; assembly
before and after electrolysis. (d) CVs of FTO/Sn0,/Fe.DTPFPP-
PO;H. assembly (0.5 cm?) in DMF containing 0.1 M TBAPFs sup-
porting electrolyte at a SO mV/s scan rate under Ar (black line) and
CO; (red line); Inset current density-time profile of controlled poten-
tial  electrolysis conducted at -1.2 V ws. NHE of
FTO/Sn0:/Fe;DTPFPP-PO;H; (red line) and FTO/Fe;DTPFPP-
PO;H: (blue line).

Recently a phosphonic acid fabricated Mn complex, fac-
[MnBr(4,4"-bis(phosphonic acid)2,2'-bipyridinde)(CO)s] was
immobilized on a mesoporous TiO: sintered on FTO electrode (7
um thickness, catalyst loading; 3.4 x 10 mol/cm?). The
FTO/TiO,/catalyst assembly generated an average current density
of 0.15 mA/cm* with 67% CO faradic efficiency.” We also pre-
pared a thin mesoporous film of TiO; nanoparticles on a FTO elec-
trode with film thickness ~ S um (Figure S15) that is ~ five times
thicker than that of the FTO/SnO. electrode. Soaking the
FTO/TiO: electrode in the catalyst solution (0.1 mM, EtOH) for 1
h resulted in loading of more catalyst (in 16 times) than in the case
of FTO/SnO: electrode 4.2 x 10 mole/cm® of the catalyst as
measured using the UV-vis spectroscopy. The CVs and the con-
trolled-potential electrolysis at —1.2 V of the resultant FTO/TiO./
Fe:DTPFPP-PO;H, assembly in DMF/TBAPFs are shown in
Figure S15. The assembly consumed 18 C charge with generating
an average current density of 2.5 mA/cm’ in a 2 h constant poten-
tial electrolysis. A CO (74.0 umol) and a H, (19.3 umol) gases
were detected corresponding to 80% CO and 20% H., faradic effi-
ciencies and 2.4 s™' TOF. Although, the amount of the catalyst
loading on the FTO/TiO: is about 16 times more than the catalyst
loading to the FTO/SnO:; electrode, the current density and TOF
are lower due to controlling the catalysis rate by the charge diffu-
sion in the TiO:; film that is less conductive than that of the SnO..

Performance of FTO/Fe.DTPFPP-PO:H; assembly for CO-
to CO conversion in aqueous solutions. For massive fuel pro-
duction based on the CO, to CO conversion, the catalysis should
be performed in aqueous media (H,O is the ideal candidate for
supplying the electrons and protons necessary for the CO, to CO
conversion). Either using H>O soluble molecular catalysts or im-
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mobilizing the H>O insoluble ones on conducting electrode surfac-
es and use the electrode/catalyst assembly in pure aqueous solu-
tions is a plausible approach to achieve this goal. A few H,O-soluble
catalysts for CO, to CO conversion have been reported these in-
clude the well-known Ni cyclam*****and the quaternary ammoni-
um ion-substituted FeTPP complex (TPP = meso-
tetraphenylporphyrin). On the other hand, numerous efficient
COs to CO conversion molecular catalysts have been immobilized
on conducting electrodes through physical adsorption.’®¢%%6
Direct use of the current FTO/Fe;DTPFPP-PO:sH. assembly for
COs to CO conversion in a neutral aqueous 0.1 M borate solution
(pH 7.0) is hampered by the non-innocent behavior of FTO elec-
trode for both self-reductions and activity in the potential region of
interest (0.9 to —1.3 V). To overcome this problem, we hypothe-
sized that covering the FTO surface with hydrophobic alkyl groups
through phosphonic acid anchors will save the electrode from these
self-reductions and activity. Indeed, n-hexylphosphonic acid has
been reported to significantly protect the ZnO surface from the
corrosion.® For our goal, the alkyl group should be with suitable
length, not so long that might block the active site of the catalyst or
too short that will allow the free penetration of water the FTO sur-
face. So we decided to use n-butyl phosphonic acid, n-BuPOs;H.
protective group. The FTO electrode surface was then modified
with n-BuPOsH. using the same procedures used for immobiliza-
tion of the Fe coordination catalyst. The binding of the n-BuPO;H.
protective group to the FTO electrode surface was monitored by
XPS measurements using the P 1s peak as a marker of its binding to
the FTO surface. Figure S16 shows the P 1s XPS of the FTO blank
and FTO/ n-BuPO;H, assembly. The assembly showed a clear P 1s
XPS peak at 133.5 eV indicating the successful modification of the
FTO electrode surface with n-BuPO;H.. Figure S17 that compares
the CVs of a bare FTO electrode and that modified with n-
BuPO;H, clearly showed the success of this hypothesis. The
FTO/n-BuPOsH;became completely innocent for electrochemical
reactions in Ar or CO, saturated neutral aqueous 0.1 M borate
solution (pH 7.0).

In the next, the uncovered surface of FTO/Fe.DTPFPP-PO;H,
assembly was similarly protected with n-BuPOsH, and the assem-
bly is used for the CO; to CO conversion in an aqueous solution.
Figure Sa shows the CVs of FTO/ n-BuPO;H, and
FTO/Fe;DTPFPP-PO;H,/n-BuPO;H, assemblies (black and red
lines, respectively) and the current density-time profiles at —0.95 V
of them (inset) in CO, saturated neutral 0.1 M borate buffered
solution (pH 7.0). A CO (2.7 umole) and H, (0.3 umole) were
detected in the headspace and a net charge of 0.52 Coulombs was
consumed in 6 h electrolysis corresponding to 90% CO production
faradic efficiency and 24.4 s™ TOF (based on a surface coverage of
the catalyst of 4.6 x 10 ™* mole/cm?, Figure S18 where a simultane-
ous 2e” reduction was observed in the borate buffer solution, pH
7.0). The low TOF obtained in an aqueous solution compared to
non-aqueous DMF solution is most likely due to the low solubility
of CO, in aqueous solution compared to its solubility in DMF solu-
tion.”®

The XPS measurements of the N 1s before and after the catalysis
(Figure Sb) and the stability of the current density during the elec-
trolysis clearly indicate the stability of the assembly for the CO: to
CO conversion in neutral aqueous solutions. The FTO/Sn0O./
Fe;DTPFPP-PO;H./n-BuPOsH., assembly with catalyst loading
of 2.6 x 107"° mole/cm” generated a stable current density of 1.47
mA/cm’ (Figure S 18) at 1) = 0.42 V with 70% Faradaic efficiency
and 20.6 s s TOF in a CO; saturated 0.1 M borate buffered solu-
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tion (pH 7.0). We are currently optimizing this set up for an elec-
trolyzer for CO, to CO conversion with coupling with suitable
water oxidation catalysts.
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Figure S. (a) CVs of FTO/n-But-POs;H. (black line) and
FTO/Fe;:DTPFPP-PO;H:/n-But-PO3;H: (red line) assemblies (1
cm?) at a 50 mV/s scan rate in a neutral borate buffered solution under
CO.. Inset: current density-time profile of controlled potential elec-
trolysis conducted at —0.95 V vs. NHE for FTO/n-But-PO;H, elec-
trode (1 cm?, black line) and FTO/Fe;DTPFPP-PO;H, /n-BuPO;H,
(1 cm?) in the same solution. (b) N 1s XPS spectra of
FTO/FexDTPFPP-PO:H./n-But-PO3;H, assembly before (red line)
and after (blue line) electrolysis.

Comparison with other heterogenous catalysts. Table 1
summarizes the activity of the current FTO/Fe.DTPFPP-PO:Ha,
FTO/SHO2/F62DTPFPP-P03H2, and FTO/TiOz/FezDTPFPP-
PO:H, assemblies as heterogeneous catalysts in comparison with
the reported highly active molecular catalysts supported on con-
ducting electrode surfaces. The Table clearly showed that the cur-
rent assembly is among the highly active catalysts for CO, to CO
conversion. A recently reported cobalt phthalocyanine (CoPc)
anchored to carbon nanotube (CN) and loaded on a porous carbon
fibre paper electrode (CF) showed 4.1 s' TOF for CO production
at 7= 0.52 V in 0.2M phosphate buffer solution (pH = 7.2) with
high Faradic efficiency (> 95%).” A Co porphyrin catalyst linked
by organic struts through imine bonds and deposited on a porous
CF electrode showed an initial TOF value of 2.61 s™' for CO pro-
duction at 7= 0.55 V in NaHCOs solution (pH = 7.3) with high
Faradic efficiency (90 %).” The highly active hydroxyl group sub-
stituted Fe porphyrin CO, to CO conversion catalyst is recently
modified with a pyrene pendant, CAT}y,, and immobilized onto a
multi-walled carbon nanotubes (MWCNT) surface through a non-
covalent van der Waals 77 interactions showed 144 h™' TOF (i.e.
0.04 s™') at 7= 0.48 V in 0.SM NaHCO:; aqueous solution (pH =
7.3) with high Faradic efficiency (97%).°" A reported Co protopor-
phyrin was immobilized onto a pyrolytic graphite (PG) electrode
efficiently reduces CO in an aqueous acidic solution (pH =3) at 1
=0.5V. Several reduction products were detected with CO as the
main product in only 40% Faradic efficiency at 1 atm. of CO, at pH
3.0. The TOF for CO production are 0.2 s and 0.8 s™" at = 0.5
and 0.7 V respectively.”” An optimized Co chlorin complex ad-
sorbed physically on MWCNT and modified on glassy carbon
electrode showed a TOF of a 0.039 s™' and 89% CO Faradic effi-
ciency in acidic conditions (pH 4.6) at ) = 0.70 V.>® The carbon
monoxide dehydrogenase (CODH) was successfully immobilized
on a PG rotating desk electrode and showed intense electrocatalyt-
ic activity for CO2to CO conversion, however with low stability.”
A Mn(bpy)(CO);Br complex cast with MWCNT in a Nafion

membrane showed TON = 458 and product CO:H, = 2:1 at 7 =
0.77 V with 0.031 s™' TOF in a phosphate buffer (pH = 7.0).% Thin
films of nano-sized metal organic frameworks incorporating a mo-
lecular Co porphyrin catalyst, AL(OH),TCPP-Co (TCPP =
4,4/ 4/ 4/ (porphyrin-5,10,15,20-tetrayl)tetrabenzoate) showed a
CO Faradic efficiency of 76% and good stability (over 7 h) at 17 =
0.70 V with TOF = 0.055 s™".%° Recently, a phosphonic acid modi-
fied bipyridine Mn CO. to CO catalyst, fac-[MnBr(4,4'-
bis(phosphonic acid)-2,2/-bipyridine) (CO)s] anchored to a meso-
poroous TiO; electrode showed a benchmark TON of 112 +17 in
an CH;CN/H.O solution (19:1) indicating the advantage of using
the chemical bond for immobilizing the molecular CO, to CO
conversion catalysts over the weak physical adsorption.*” The cur-
rent assemblies, however, showed very high activity and stability for
the CO; to CO conversion. This indicates the advantages of immo-
bilization of the catalyst through strong chemical bonds that pro-
vided with the phosphonic acid anchor.

Table 1. Catalysis parameters of the phosphonic acid fabricated Fe

porphyrin dimers, Fe;DTPFPP-POsH. as heterogeneous catalyst (this
work) and other reported heterogeneous CO2/CO reduction catalysts.

Solvent Catalyst i, n,V TOF

E°(C0./CO),V mA/cm? s7!
DMF/5% H,O FTO/Fe.DTPFPP 0.25 0.51 245.0
—0.69, this work -PO:H>

DMF/5% H,O FTO/Sn0O./Fe:D 3.0 0.51 534
—0.69, this wark TPFPP-PO:H>

DMF/5% H.O FTO/TiO./Fe.DT 2.5 0.51 24
—0.69, this work PFPP-PO:H:

0.1M borate FTO/Fe.DTPFPP 0.04 0.42 24.5
(pH 7.0) -0.53, -POs;H»

this work

0.1M borate FTO/Sn0O./Fe.D 1.47 0.42 20.6
(pH 7.0) -0.53, TPFPP-PO;H:/ n-

this work BuPO:H:

0.2 M phosphate CF/CN/Co-Pc 15.0 0.52  4.10

buffer (pH 7.2)

-0.55,%

0.5 M NaHCO3 CF/COF* 3.0 0.55 2.61
(pH 7.3) -0.55,”°

0.5 M NaHCO3 GC/MWCNT/ 0.2 0.48 0.04

(pH 7.3) —0.55,% CATpy’

0.1 M NaClO,
(pH 3.0) —0.29,

PG/MWCNT/Co 0.33 0.50 0.20
(protoporphyrin)

0.005 M Na;SOs
(pH 4.6) —0.39,%

PG‘/MWCNT/Co 0.075 0.70 0.04
(Chlorin)

Phosphate Buffer GC/Nafion/MWC 0.064 0.77 0.03
(pH 7.0) -0.53,% NT/Mn(bpy)(CO

)sBr
NaHCO:; AL(OH),TCP-Co 1.0 0.70  0.06

(pH 7.0) -0.53,%
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“COFs = covalent organic frameworks in which the building units
are Co porphyrin catalysts linked by organic struts through imine
bonds. 'Fe §,10,15-tri((2,6-dihydroxyphenyl)-20-(pyrene)por-
phyrin. ‘PG = pyrolytic graphite electrode.

Conclusion. In conclusion, we successfully fabricated the Fe
porphyrin dimer CO, to CO conversion molecular catalyst with a
phosphonic acid anchor and assemble it on the FTO, FTO/SnO.,
and FTO/TiO:; surface through chemical bonds that show unprec-
edented activity and stability as heterogeneous catalyst in different
solutions. The foot-of-the-wave analysis of the CV was shown to be
valid as a quick estimation of the catalysis parameters in a similar
way used for homogeneous catalysis. By the co-modification of an
alkane SAM layer on FTO with the Fe catalyst, we realized the
selective CO, reduction in an aqueous solution by complete sup-
press of proton reduction. A high current density was achieved by
loading more amount of the catalyst to thin mesoporous layers of
SnO; or TiO, nanoparticles.
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