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ABSTRACT

Metal phthalocyanines (MePcs) have been considered as promising catalysts for CO, reduction electrocatalysis due to high turnover frequency
and structural tunability. However, their performance is often limited by low current density and the performance of some systems is
controversial. Here, we report a carbon nanotube (CNT) hybridization approach to study the electrocatalytic performance of MePcs (Me = Co,
Fe and Mn). MePc molecules are anchored on CNTs to form the hybrid materials without noticeable molecular aggregations. The MePc/CNT
hybrids show higher activities and better stabilities than their molecular counterparts. FePc/CNT is slightly less active than CoPc/CNT, but it
could deliver higher Faradaic efficiencies for CO production at low overpotentials. In contrast, the catalytic perfformance of MePc molecules
directly loaded on substrate is hindered by molecular aggregation, especially for FePc and MnPc. Our results suggest that carbon nanotube
hybridization is an efficient approach to construct advanced MePc electrocatalysts and to understand their catalytic performance.
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1 Introduction

Electrocatalytic reduction of CO: is a promising avenue to convert
CO: into valuable chemicals [1-4]. Currently, it suffers from high
overpotential of the operation and low selectivity of the desired
products [5-8]. Development of high-performance catalysts is of
great importance for the employment of this technology [9, 10].
Since the early studies by Meshitsuka et al. and Lewis et al. [11, 12],
metal phthalocyanines (MePcs) have been considered as an interesting
class of electrocatalysts for CO; reduction [13-17]. These molecules
are easily accessible and can deliver good turnover frequency (TOF)
and high product selectivity [18, 19]. Further, their structures are
well-defined for structure-property relationship understanding and
can be tuned in either the metal center or phthalocyanine ring to
improve the catalytic performance [20-22].

Most reported MePc systems generally operate at low loading
and exhibit low reduction current densities compared to metal
counterparts [23-26]. Further, despite well-defined structures, the
catalytic performance of MePcs reported in literature could vary
significantly. For example, cobalt(II) phthalocyanine (CoPc) is a well-
studied phthalocyanine molecule and has been identified as the most
active catalyst to convert CO, into CO among the phthalocyanine
systems, but the reported Faradaic efficiencies (FEs) of CO (FE(CO)s)
range from 37% to 98% under similar reaction conditions in Refs.
[19, 27]. In another case, iron(II) phthalocyanine (FePc) was reported
to be an active electrocatalyst with high FE(CO)s by Furuya et al.
[28]. However, a recent study showed that it exhibited low activities
and low FE(CO)s [27]. These problems are mainly originated from
the molecular structure of MePc: They are semiconducting and have
strong intermolecular interactions due to the large m system [29,
30]. As a result, when they are loaded on electrode by drop-drying

or dip-coating, molecular aggregates are easily formed [31]. Recently,
we developed a hybridization approach to improve the catalytic
performance of CoPc by anchoring CoPc molecules on side walls
of carbon nanotubes (CNTs) [31]. The CoPc/CNT hybrid exhibits
significantly higher catalytic activity and CO selectivity than CoPc
loaded on the electrode by drop-drying, and is able to deliver high
current density and high TOF simultaneously. It is found that the
hybridization can prevent the aggregation of CoPc molecules and
enable the favorable charge transport from electrode to the active
sites.

Herein, we employ the CNT hybridization approach to study a
series of metal phthalocyanines for CO; electroreduction. MePc/CNT
(Me = Co, Mn, Fe) hybrids are synthesized with MePc molecules
anchoring on CNTs with no observed molecular aggregation.
CoPc/CNT is the most active with high CO production current. In
terms of product selectivity, FePc/CNT exhibits higher FE(CO)s of
over 98% at low overpotentials. However, FePc/CNT suffers from low
catalytic stability at high overpotentials. All the hybrids show higher
activities and better stabilities than their molecular counterparts
directly loaded on electrode. Among the neat molecules, only CoPc
shows appreciable activities for CO; electroreduction.

2 Experimental

2.1 Chemicals

Manganese(II) phthalocyanine (MnPc), CoPc, FePc, N,N-
dimethylformamide (DMF) and high-purity titanium (Ti) foil were
purchased from commercial suppliers, and used without further
purification. CNTs were purchased from C-Nano (FT 9100). Carbon
fiber paper (CFP, TGP-H-060) was purchased from Fuel Cell Store.
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CNTs were purified by calcining at 500 °C and washing with HCI
(5 M) solution as reported in Ref. [31]. KHCO; aqueous solution
was purified by electrolysis in a two-electrode setup using a pair
of 10 x 5 cm? Ti foil electrodes. The electrolysis was performed at
150 pA for at least 24 h.

2.2 Preparation of the hybrid materials

The MePc/CNT hybrids were prepared by a DMF sonication
approach reported in Ref. [31]. Generally, purified CNTs (30 mg)
were dispersed in 20 mL DMF by sonication. Then, MePc (~ 1.5 mg)
in 10 mL DMF was added into the CNT suspension. The mixture
was sonicated for 30 min and then stirred at room temperature (RT)
for overnight. The solid was collected and washed with DME, ethanol
and water successively. Finally, the MePc/CNT precipitate was dried
in vacuo to yield the final product.

2.3 Material characterizations

Transmission electron microscopy (TEM) measurements were
performed on a FEI Tecnai G2 F30 transmission electron microscope.
Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) were conducted on a TESCAN MIRA3 LM
microscope. Inductively coupled plasma mass spectrometry (ICP-MS)
was performed on an Agilent Technologies 7700 series instrument.

2.4 Electrochemical measurements

All electrochemical measurements were conducted by a CHI 660E
Potentiostat with a three-electrode configuration. Generally, the
hybrid catalyst ink was prepared by dispersing 2.0 mg sample in 1 mL
Nafion solution (0.0325 wt.% in ethanol) with sonication for 1 h.
The MePc ink was prepared in DMF (2.0 mg/mL). The working
electrode was prepared by drop-drying 100 pL catalyst ink onto a
0.50 cm’® CFP (loading: 0.40 mg/cm®). A KCl saturated Ag/AgCl
electrode and a graphite rod were used as the reference and counter
electrodes, respectively, in an anion exchange membrane separated
H-cell. Unless otherwise stated, the electrolyte was a CO,-saturated
0.10 M KHCO:s solution (pH 6.8, pre-purified). All potentials were
converted to versus reversible hydrogen electrode (RHE) with iR
corrections. The flow rate of CO2 (99.999%) was 5 mL/min. The
cyclic voltammetry (CV) was performed in 0.10 M phosphate buffer
solution (PBS) under argon (pH 6.8). Gas product analyses were
conducted by a gas chromatograph (GC, SRI 8610C) as reported in
Ref. [31]. The TOFco is calculated using the equation below

]co

TOFCO == W
A

where Jco is the partial current for CO formation; n = 2, indicating
two electrons needed to reduce one CO, molecule to CO; e is the
electron charge (e = 1.602 x 107" C); y is the mole number of MePc
molecules on electrodes; and Na is the Avogadros number (N =
6.02 x 10* mol™).

3 Results and discussion

The MePc/CNT hybrids were synthesized by interacting the MePc
molecules and CNTs in DMF solution. The metal content in the
hybrid can be tuned by varying the input ratio of MePc to CNT, and
is finally determined by ICP-MS. In this study, the metal content
was controlled to be around 0.30 wt.% in all the hybrids for fairly
comparing their electrocatalytic activities (Table S1 in the Electronic
Supplementary Material (ESM)).

Figure 1(a) shows the SEM image of the FePc/CNT hybrid loaded
on the CFP substrate. The CFP substrate is covered by the fluffy
CNT stacks. The EDS spectrum on such stacks reveals the existence
of N and Fe signals, suggesting the distribution of FePc molecules
on CNTs. We further used TEM to investigate the fine morphology
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of the hybrid. As shown in Fig. 1(b), nanotubular structures are
observed, indicating that FePc molecules are anchored on the side
walls of CNTs and there is no noticeable aggregation of FePc molecules.
The CoPc/CNT and MnPc/CNT hybrids show similar morphology
as FePc/CNT (Figs. S1 and S2 in the ESM).

In contrast to the hybrids, MePc molecules directly loaded on the
CFP substrate show significant aggregation. As shown in Fig. 1(c),
some of the carbon fibers are covered by the FePc molecules as
confirmed by the EDS mapping. The surface is rough and aggregates
with size of around 1 um are observed. There are also some
microcrystals of the FePc molecules on CFP (Fig. 1(d)). Similar
microcrystals with larger size are observed in the CoPc and MnPc
samples, possibly due to the lower solubility of CoPc and MnPc than
FePc (Figs. S1(d) and S2(d) in the ESM).

To characterize the electrocatalytic performance of CO, reduction,
the catalysts were deposited on CFP and measured in CO;-saturated
0.10 M KHCO:; (pH 6.8). The MePc electrodes are prepared by
drop-drying of DMF solutions on CFP as DMF is a better solvent
for MePc than ethanol [31]. The mass loading of the catalysts is
0.40 mg/cm’, which corresponds to the molecular loading (MePc)
of ~ 2.1 x 107 mol/cm’ for MePc/CNT and ~ 7.0 x 10”7 mol/cm? for
MePc. During the linear sweep voltammetry (LSV) measurements,
both CoPc/CNT and FePc/CNT show significant cathodic current
below —0.40 V, while MnPc/CNT exhibits slightly larger current
density than the blank substrate below —0.70 V (Fig. 2(a)). CoPc/CNT
is the most active with the largest reduction current densities and
FePc/CNT is slightly less active. Although neat MePcs directly loaded
on CFP have ~ 33 times larger molecular loading than the MePc/CNT
hybrids, they give substantially smaller reduction current densities
(Fig. 2(b)). As revealed by the morphology studies, CNT hybridization
could prevent the aggregation of MePc molecules and benefit the
exposure of active sites, which may explain such activity differences.
CoPc is still the most active one among the MePcs, and it can
deliver a reduction current density of —10 mA/cm?* at —0.79 V,
which is 0.18 V more negative than CoPc/CNT. Unlike their hybrid
counterparts, the reduction current density of FePc is much smaller
than that of CoPc.

Controlled current density electrolysis measurements were further
conducted and the reduction products were quantitatively analyzed
(gas products by online GC). Figures 3(a) and 3(b) show the
chronopotentiometry of the CoPc/CNT hybrid and neat CoPc,
respectively. The CoPc/CNT hybrid exhibits a current density of
-0.50 mA/cm? at —0.40 V and a high current density of —12 mA/cm?
at —0.64 V. Neat CoPc shows inferior performance, the initial potential

Figure 1 (a) SEM image of FePc/CNT loaded on CFP (inset shows the EDS
spectrum of the outlined area). (b) TEM image of FePc/CNT. (c) SEM image of FePc
loaded on CFP (inset shows the EDS mapping of Fe element in the outlined area).
(d) SEM image of FePc microcrystals on CFP.
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for a current density of —0.50 mA/cm® is —0.51 V. Further, the
operation stability of the CoPc/CNT hybrid is better than neat CoPc.
Little overpotential increase (< 5 mV) is observed in the CoPc/CNT
hybrid after 40 mins operation at each current density (Fig. 2(a)).
However, significant overpotential increase is observed in CoPc
during the measurements at —0.25 mA/cm” and —0.50 mA/cm?
(Fig. 2(b)). The potential changes from —0.51 to —0.53 V during
40 min at current density of —0.50 mA/cm’. CO and H; are the major
reduction products, and the determined FE(CO)s and FE(H.)s are
shown in Fig. 2(c) and Fig. S3 in the ESM, respectively. The CoPc/CNT
hybrid could deliver a high FE(CO) of over 90% at potential below
—0.60 V. Interestingly, neat CoPc delivers even higher FE(CO)s than
CoPc/CNT, especially at low overpotentials. For example, the FE(CO)
of CoPc is around 85% at —0.45 V, while it is 64% for CoPc/CNT.
The CV measurements may explain such unexpected result (Fig. 3(d)).
The reduction peak at around —0.39 V is assigned to the reduction
of Co(II) to Co(I), which is considered as the active site for CO.
reduction [32]. The reduction peak of CoPc locates at a more
positive potential than that of CoPc/CNT, suggesting the molecular
aggregations in CoPc sample may benefit the formation of Co(I) at
low overpotentials, which can account for its better selectivity to
CO. By comparing the area of redox peaks, it is clear that CoPc/CNT
has larger number of electro-active sites than neat CoPc, though
the molecular loading of CoPc/CNT is only ~ 1/35 of neat CoPc.
As a result, the partial current densities for CO production of
the CoPc/CNT hybrid are multiple times higher than those of neat
CoPc at various potentials (Fig. S4 in the ESM). A long-term
chronopotentiometry measurement was conducted at —12 mA/cm?
for 15 h, CoPc/CNT exhibits little decay on potential and product
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selectivity during the operation (Fig. S10(a) in the ESM), indicating
its good stability.

FePc/CNT and MnPc/CNT are less active than CoPc/CNT (Figs. 4(a)
and 5(a)). To deliver a reduction current density of —1.0 mA/cm?,
CoPc/CNT, FePc/CNT and MnPc/CNT require a potential of —0.44,
—0.47 and —-0.91 V, respectively. Interestingly, FePc/CNT is superior
to CoPc/CNT with higher FE(CO)s at low overpotentials. The
FE(CO)s of FePc/CNT from —0.44 to —0.52 V are over 98%, while they
are below 80% for CoPc/CNT. However, FePc/CNT has catalytic
stability problem, especially at high overpotentials. For example, the
potential changes from —0.58 to —0.78 V after 40 min operation at
current density of —4.0 mA/cm® Significant potential increase is also
observed in the chronopotentiometry measurement at —1.0 mA/cm’
for 10 h (Fig. S10(b) in the ESM). Previous theoretical calculations
suggested that iron active site has strong binding with CO, which
may explain such instability [27, 33]. Different from CoPc/CNT and
FePc/CNT, MnPc/CNT exhibits lower selectivity for CO, reduction
than hydrogen evolution (Fig. 5(c), and Figs. S5 and S6 in the ESM).
As shown in the CV curves in Fig. 5(d), MnPc/CNT is more difficult
to be reduced compared to CoPc/CNT and FePc/CNT, which may
explain its low catalytic activities. It should be noted that the catalytic
performance of MnPc/CNT is still much better than the MnPc
catalyst reported previously with FE(CO) < 7% [15].

Both neat FePc and MnPc exhibit lower activities compared to
their hybrid counterparts, especially for FePc (Figs. 4(b) and 5(b)).
For example, to deliver a reduction current density of -0.5 mA/cm?,
FePc requires a potential of —0.78 V (initial), which is around 0.30 V
more negative than FePc/CNT (Fig. 4(b)). The FE(CO)s of FePc are
much lower than those of FePc/CNT (Fig. 4(c)). Actually, neat FePc
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Figure 2 Linear sweep voltammetry curves of (a) MePc/CNT and (b) MePc directly loaded on CFP. The tests were conducted in CO;-saturated 0.10 M KHCO;

electrolyte with a scan rate of 5 mV/s.
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Figure 3 Chronopotentiometry of (a) CoPc/CNT and (b) neat CoPc in CO;-saturated 0.10 M KHCO:. (c) Faradaic efficiencies of CO formation at different potentials
for CoPc/CNT and CoPc based on the chronopotentiometry measurements. (d) Cyclic voltammetry curves of CoPc/CNT (black line) and CoPc (red line) in argon

saturated 0.10 M PBS with a san rate of 0.40 V/s.
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in argon saturated 0.10 M PBS with a san rate of 0.40 V/s.

and MnPc exhibit abnormal behaviors, and their potentials become
more positive with time at larger current densities during the
chronopotentiometry measurements. The determined FE(CO)s
decrease with time for FePc (Fig. 4(c) and Fig. S7 in the ESM). It
suggests that the catalytic performance may be dominated by the
decayed products, which favor hydrogen evolution reaction (HER).
In CV, FePc exhibits similar currents compared to FePc/CNT, possibly
due to the better dispersity of FePc. However, the redox peaks of
FePc locate at more negative potentials than FePc/CNT, and a new
pair of redox peaks are observed in FePc. As shown in Fig. 5(d), the
CV current of MnPc is smaller than MnPc/CNT due to the strong
aggregation of MnPc (Fig. S2 in the ESM). The redox peaks of
MnPc also locate at more negative potentials compared to those of
MnPc/CNT. Similar to CoPc/CNT, the partial current densities
for CO production of the FePc/CNT and MnPc/CNT hybrids are
substantially higher than those of their molecular counterparts
(Figs. S8 and S9 in the ESM).

We further investigated the TOFs of CoPc and FePc at a variety
of loadings and compared with CoPc/CNT and FePc/CNT (Fig. S11
in the ESM). Because it is not readily to determine the number of
electrochemically active molecules from the broad CV peaks, the
TOF values are calculated by counting all the molecules loaded on
electrodes. The actual TOFs are higher than the calculated TOF values.
As the loading reduces, the calculated TOF increases due to less
molecular aggregation and improved catalyst utilization. When the
CoPc loading is below ~ 2 x 107" mol/cm?, the TOFco values remain
similar, suggesting that molecular aggregation is less significant and
the activities are close to the intrinsic ones. At —0.61 V, the TOFco
of CoPc with the loading of 4.5 x 107" mol/cm? is calculated to be
1.5 57!, which is similar to the one of CoPc/CNT (2.2 s") (Fig. S11(a)
in the ESM). Similarly, the TOFco of FePc with the loading of 9.9 x
107" mol/cm?’ is calculated to be 0.62 s™ at —0.66 V, which is close to
the one of FePc/CNT (0.90 s™) (Fig. S11(b) in the ESM). These results
indicate that CNT hybridization is helpful to reveal the intrinsic

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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activities of MePc molecules and deliver higher current densities.

4 Conclusions

In summary, we prepare a series of metal (Co, Fe, Mn)
phthalocyanine/carbon nanotube hybrids and study their catalytic
performance for CO; electroreduction. Both CoPc/CNT and FePc/
CNT are active catalysts to reduce CO: to CO and are able to deliver
a reduction current density of —1.0 mA/cm? above —0.47 V. FePc/CNT
is just slightly less active than CoPc/CNT, but superior to CoPc/CNT
with higher FE(CO)s at low overpotentials. For metal phthalocyanine
molecules directly loaded on electrode, their catalytic performance
could be blocked by the molecular aggregations. Thus, the MePc/CNT
hybrids generally exhibit improved catalytic performance (such as
reduction current density, stability, and selectivity) compared to their
molecular counterparts. Our studies suggest that carbon nanotube
hybridization is an efficient approach to construct advanced molecular
electrocatalysts for CO: electrocatalysis. Further, the hybridization
also provides a feasible platform to understand the intrinsic properties
of MePcs for electrocatalysis.
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