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38 Abstract

42 The uniform dispersion and loading of phthalocyanine molecular catalysts on conductive carbon
substrates are crucial for exposing their active sites. The significant amount of solvent needed to
47 achieve appropriate dispersion of phthalocyanine leads to the risk of re-aggregation during solvent
evaporation. Hence, a solventless strategy is sorted by many to bypass the use of solvent. In this
52 study, we showcase the deposition of transition metal phthalocyanines (TMPcs) molecules onto a

55 self-supporting conductive carbon cloth electrode using an environmentally friendly sublimation
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technique for efficient electrocatalytic CO, reduction. We meticulously investigated the
preparation conditions, including heating temperature and TMPcs type, to assess their impact on
CO, reduction activity. The as-prepared CC-CoPc-450 electrode demonstrated an outstanding
comprehensive performance, showcasing a remarkable maximum CO Faradaic efficiency (FE)

of 97.1% at -0.86V with a current density of 8.3 mA cm™. Density-functional theory (DFT)

calculation demonstrated the role of dorbitals in TM-N, and the synergy with TT-conjugation

electrons in facilitating the efficient electron transfer process in eCO,RR. This study offers a fresh

perspective on the eco-friendly dispersion of TMPcs on conductive substrates and provides

insights into the design of TT-species macrocyclic electrocatalyst electrodes.

1. Introduction

The conversion of carbon dioxide (CO,) into value-added fuels and chemicals is one of the
effective measures to mitigate greenhouse gas emissions and address energy shortages.'* Among
the various CO, conversion technologies, the electrocatalytic CO, reduction reaction (eCO,RR)
has attracted considerable attention for its high reaction efficiency and is free from temporal and
spatial restrictions.”!! However, the applicability is constrained by limited current density and poor
product selectivity due to the slow reaction kinetics process, complex reaction pathways, and
competitive hydrogen evolution reaction.!>!¢ Developing electrocatalysts with high activity and
selectivity is an effective measure to promote the further development of eCO,RR but faces many

challenges.
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Molecular catalysts hold great promise for eCO,RR due to their easy accessibility, well-defined
molecular structures, and structural tunability at the molecular level.'”-?* However, most molecular-
level systems face challenges such as poor catalytic activity and limitations imposed by solubility
and the types of solvents used.?"-?> TMPcs can effectively address these challenges, owing to their
robust metal-nitrogen coordination active centers and high structural tailorability. A key
requirement is overcoming the intrinsic limitations of TMPcs molecular catalysts, such as poor
conductivity due to delocalized electrons within a molecule and aggregation tendencies during the
evaporation of the solvent, which impedes the full realization of their catalytic potential. Therefore,
integrating molecular catalysts with conductive substrates can pave the way for eCO,RR,
enhancing catalytic activity, conductivity, and structural stability.* 2>?¢ For instance, Liang and
colleagues developed a cobalt phthalocyanine/carbon nanotube (CoPc/CNTs) hybrid catalyst
through a sonication and magnetic stirring method. The CoPc/CNTs hybrid catalyst containing
uniformly dispersed CoPc molecules on the sidewalls of the CNTs delivered a CO Faraday
efficiency (FEqo) and partial current density (joo) as high as 98% and 15.0 mA cm™ at -0.63 V
versus RHE, respectively.?” Lv et al. employed an ultra-thin nitrogen-doped hollow carbon sphere
as the anchor support for the CoPc catalyst, which exhibited a high selectivity and current density
towards CO.?® Additionally, Liu et al. synthesized nickel-based phthalocyanine dispersed into
carbon nanotubes, achieving an exceptionally high CO selectivity of 99.8%.» It is worth
mentioning that the aforementioned and most commonly employed methods typically require the
use of organic solvents to better disperse the TMPcs molecules. The reliance on organic solvents

does not align with the principles of establishing a green economy. Furthermore, the evaporation
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of solvents can lead to the re-agglomeration of TMPcs molecules on the substrates, potentially
diminishing the number of catalytically active sites.> 2% 3 Recently, several studies have employed
a sublimation method to disperse TMPcs molecules onto conductive substrates, thereby avoiding
the use of solvents and achieving a uniform dispersion of TMPcs molecules.’" 3> However, the
regulation of temperature during sublimation and the state of TMPcs molecules require further
exploration. Additionally, the application of sublimation strategies to eCO,RR is an area that
remains to be researched.

To address the research gaps identified in previous works, employing sublimation for the
preparation of an Integrated Carbon Dioxide Electroreduction Electrode (ICE) for eCO,RR was
demonstrated. In this work, the effect of sublimation temperature on the state of CoPc molecules
and the catalytic performance of ICE were investigated. TG-FTIR and electrochemical tests
showed 450°C was the optimal sublimating temperature for the preparation of high-performance
CoPc-ICE preparation. The CoPc molecule is uniformly dispersed on the carbon cloth (CC)
substrate. The same approach was used to prepare different types of TMPcs-based ICE to
demonstrate the versatility of this method. The Bader charge analysis revealed that the strong
covalent interactions between TMPcs and CO, are crucial for the activation of CO, molecules.
Besides, the reduced energy barriers for both *COOH generation and *CO desorption are pivotal
contributors to superior catalytic performance. The above results indicate that the preparation of
TMPcs integrated electrode by the sublimation strategy is a promising approach and fosters the
research of high-performance eCO,RR integrated electrode catalysts.

2. Experimental
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2.1 Carbon cloth treatment

Hydrophobic carbon cloth (W1S1011, Suzhou Sinero Technology) was treated with plasma (150
W for 30 seconds) to enhance its hydrophilicity and denoted as 'CC' prior subsequent treatment
process.

100 mg of CoPc (Sigma-Aldrich, purity 295%) and a piece of CC (5*5 cm) were placed in a
tube furnace. CoPc and CC are placed at the bottom and directly above the porcelain boat heating
zone, respectively. The furnace was then ramped to the target temperature at a heating rate of
5°C/min under an argon atmosphere and maintained for 30 minutes. Upon cooling to room
temperature, the phthalocyanine-loaded CC integrated electrode was obtained and denoted as CC-
CoPc-T, where T indicates the heating temperature. The residual CoPc powders were collected
and denoted as CoPc-450ed. A parallel method was employed to prepare CC-H,Pc and CC-TMPcs,
using H,Pc, FePc, NiPc, CuPc, and ZnPc as sublimation sources, respectively. To assess the
recyclability of the sublimation source, CoPc-450ed was used as the sublimation source. The CoPc
deposited on the tube wall was also collected for characterization and named CoPc-Sub.

2.2 Preparation of CoPc@Carbon

20 mg of carbon black was first dispersed in 20 ml of ethanol before 5 mg of CoPc powder was

added. The mixture was subjected to ultrasonication for 30 minutes and added to the surface of

CC dropwise (100 yL/drop).

3. Results and Discussion

3.1 Formation and Characterization of CoPc ICE

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

The ICE preparation process via sublimation is depicted in Scheme 1. The solid-state TMPcs
molecules underwent gradual sublimation during the heating process in an argon-enriched

atmosphere. The sublimated molecules were subsequently captured by the CC and tightly adhered

to its surface via TT-TT interactions, which will facilitate the formation of electron transfer channels

during catalysis.
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Scheme 1. The schematic illustration of the synthesis process for TMPcs-ICE, and the molecule

configurations of a TMPcs stacking under the conductive substrate.

The effect of heating temperature on the molecular structural evolution of CoPc was explored
by thermal gravimetric analysis (TGA) (Figure S1) coupled with Fourier Transform Infrared
Spectroscopy (FTIR). (Figure 1a) The TGA curve showed a sharp decrease in CoPc mass after
550°C, indicating the occurrence of thermal degradation of the sample. The TG-FTIR results
showed a gradual increase in the intensities of three distinct peaks at 728 cm™ (390°C), 1122 cm’!
(375°C), and 1350 cm! (385°C) from 400°C onwards, corresponding to CoPc ring vibrations,

metal-nitrogen bond stretching, and C-C plane bending in the isoindole structure, respectively.?
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As the temperature approached 600°C, the emergence of new characteristic peaks indicated
structural changes in the CoPc molecule. Additional details on the identified peaks are presented
in Table S1. FT-IR spectra confirmed that the characteristic peaks of CoPc-Sub and CoPc-450ed
were consistent with those of the pristine CoPc, indicating that the CoPc molecule can be
sublimated without structural damage around 450°C. X-ray diffraction (XRD) spectroscopy further
confirmed the unchanged crystal structure of CoPc-450ed after heating treatment (Figure S2). The
absence of CoPc diffraction peaks in the CC-CoPc sample suggested that CoPc is either amorphous
on the substrate or present in low concentrations, rather than forming distinct particles (Figure
S3).3* X-ray photoelectron spectroscopy (XPS) analysis confirmed the presence of cobalt (Co),
carbon (C), nitrogen (N), and oxygen (O) elements in the CC-CoPc-450 catalyst, indicating
successful loading of CoPc onto the CC substrate (Figure S4-S6). The presence of Co 2p XPS
peaks in the CC-CoPc sample further confirmed the successful coupling of CoPc with the CC
substrate (Figure 1c). with the peak shift attributed to the strong interaction between the CoPc and
the substrate. 333 Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) analyses of CC-CoPc-450 samples showed no particle aggregation and uniform distribution
of Co and N elements on the CC substrate, respectively (Figure 1d). The collective results from
the aforementioned experiments have substantiated the CoPc is evenly and tightly attached to the

surface of the CC in the form of molecular dispersion, from multiple perspectives.
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Figure 1. (a) 3D diagrams of TG-FTIR results by CoPc powder; (b) The FT-IR of the sublimation-
obtained powder (CoPc-Sub), the remaining volatile sample after sublimation (CoPc-450ed), and
the CoPc raw powder (CoPc); (c) The high-resolution XPS of the CC, CoPc powder, and CC-

CoPc-450; (d) The SEM and EDS analysis showing the elemental distribution of N and Co in the

CC-CoPc-450 sample, with a scale bar of 5 pm.
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3.2 Electrochemical eCO,RR Performance

The electrocatalytic CO, reduction performance of the catalysts prepared was assessed in a three-
electrode system using Ar/CO,-saturated 0.5 M KHCO; as the electrolytes. Ag/AgCl electrodes
and commercial graphite rods served as the reference and counter electrodes, respectively. All
potentials reported in this study are referenced to the reversible hydrogen electrode (RHE) without
IR (i, current; R, resistance) correction. Comparison of the Linear Sweep Voltammetry (LSV)
results to Ar-saturated and CO,-saturated electrolyte, all samples displayed higher current densities
and lower onset overpotential in the CO, atmosphere, indicative of their e€CO,RR activity (Figure
S7). In CO,-saturated 0.5M KHCO; solution, CC-H,Pc (lacking Co center deposition on carbon
cloth) and CC showed similar current densities (10 mA/cm?, -1.2V), whereas CC-CoPc ICE
samples exhibited enhanced current densities (18 to 26 mA/cm?, -1.2V), suggesting the presence
of active Co site could effectively promote eCO,RR (Figure 2a). Notably, the CC-CoPc-450
sample demonstrated the largest current density (26 mA/cm?,-1.2V) and the lowest onset potential
(-0.45V), implying optimal eCO,RR performance and a lower electrocatalytic reaction energy
barrier. The CO, reduction performance of ICE was further evaluated by chronoamperometry, and
the products were analyzed by gas chromatography (GC). The GC spectra show that the gas
products include H, and CO, with the total Faradaic efficiency (FE) approaching nearly 100%
(Figure S8). CC-CoPc-450 showed excellent CO, reduction selectivity, with a Faradaic efficiency
for CO (FE(o) exceeding 80% over a board potential range from -0.76 to -0.91 V, peaking at 97.1%
at -0.86 V (Figure 2b). At this potential, the FE., of CC does not show any CO production and

CC-H,Pc was extremely low (12.5%). In contrast, all CC-CoPc samples prepared at different
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temperatures demonstrated an FE, that was significantly higher than 75% (Figure 2c). This more

than 6-fold increase in FE is strongly associated with the presence of metal-nitrogen coordination

sites or alterations in the TT-conjugated macrocycle. Moreover, the sublimation temperature

significantly influenced the electrocatalytic performance. With FE.y and current density increasing
with temperature, peaking at 450°C (97.1% and 8.3 mA/cm?, respectively) for CC-CoPc. At
temperatures beyond 450°C, both parameters declined, possibly due to substrate damage which
facilitated the electrolyte penetration and enhanced the hydrogen evolution (Figure S9). More
importantly, compared to traditional drop-loading methods, the ICE prepared via the sublimation
method has optimized CO selectivity (Figure S10). Additionally, the ICE prepared from the
residual CoPc-450ed powder still demonstrated CO selectivity up to 82% at -0.86V, confirming
the recyclability of CoPc in this approach (Figure S11).

To investigate the impact of temperature on the eCO,RR performance of CC-CoPc samples,

cyclic voltammetry (CV) tests were conducted at various scan rates within the non-Faradaic region.

The results are presented in Figures S12 and 2d. The Cg for CC-CoPc-390, CC-CoPc-410, CC-

CoPc-430, CC-CoPc-450 CC-CoPc-470, as well as CC are 0.629, 0.438, 0.524, 0.901, 0.147, and

0.057 pF/cm?, respectively. The largest normalized electrochemical-specific surface area

corresponds to the highest number of electrochemically active sites, thus exhibiting the optimal
eCO,RR performance among all CC-CoPc samples. Furthermore, CC-CoPc-450 exhibited good
stability at -0.86 V, and the FE, and current density showed no significant decay over a 10800-

second long-term potentiostatic test (Figure 2e).
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49 Figure 2. (a) The LSV curve of CoPc-based ICE obtained by different temperature treatments; (b)
52 The FE of CC-CoPc-450 at different potentials; (c) The FE (left axis, columnar) and current density
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(d) The different ICE of Cy curves; (e) The FE, (points) and current density curve (line) of CC-

CoPc-450, the potential settled as -0.86 V.

3.3 Method universality verification

To ascertain the versatility of the method, ICE samples of various TMPcs (TM = Fe, Ni, Cu, Zn)
were prepared using the identical procedure. TGA analysis confirmed that within the temperature
range of 300 to 500°C, all phthalocyanine molecules underwent sublimation and were evenly
dispersed on the substrate. SEM and EDS-mapping analyses revealed a uniform distribution of
TMPcs molecules across the substrate, with no observable particle aggregation (Figures S14 to
S17).

The eCO,RR performance of the catalysts was further assessed by the H-type cell. The LSV
curves revealed that the current densities of all CC-TMPcs-430 and CC-TMPcs-450 samples
obtained in the CO, atmosphere were markedly higher than in the Ar atmosphere, suggesting
robust eCO,RR activity (Figure S18 and S19). Chronoamperometry was employed to evaluate the
CO, reduction performance of TMPcs at various potentials (Figures 3a and 3b). Notably, CC-
NiPc-430/450 and CC-CoPc-430/450 displayed high CO selectivity across a broad potential range
(from -0.66 V to -0.86 V). CC-NiPc-430 achieved an exceptional FEq of 100% at -0.76 V. In
contrast, the FE. values for CC-FePc-430/450, CC-CuPc-430/450, and CC-ZnPc-430/450 were
consistently below 50% across the tested potential range. CC-NiPc-430/450 and CC-CoPc-
430/450 exhibited higher CO partial current densities while CC-CoPc-450 reached a peak value
of 8.1 mA/cm? at -0.86 V. In comparison, the CO partial current densities for CC-FePc-430/450,

CC-CuPc-430/450, and CC-ZnPc-430/450 were significantly lower due to their lower CO
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selectivity (Figure 3c). These electrocatalysis intrinsic patterns of the TMPcs are aligned with
previous studies.” 37 The FE, and current densities of the catalysts prepared in this study
surpassed most of the previously reported TMPcs catalysts prepared via the solvent dispersion
drop-loading method (Figure 3d and Table S2).
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Figure 3. Faraday efficiency of TMPcs catalysts and CC acquired at 430°C (a) and 450°C (b), each
group of histograms corresponds to the name of the sublimation source below, and the potentials
in the group from left to right are -0.66V, -0.76V, -0.86V, and -0.96V, respectively; (c). The partial
current density curve of CC-TMPcs-T in different temperatures; (d) Comparison of the best

catalytic performance without considering electrolyte and potentials, specific data corresponds to
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Table S2, the NiPc From CC-NiPc-430 sample in -0.76V; CoPc comes from CC-CoPc-450 in-

0.86V.11:38-46

3.2 Theoretical calculations

Density functional theory (DFT) calculations were conducted to elucidate the mechanism
underlying the catalytic reaction. Within this catalytic framework, electron transfer is pivotal for
the realization of the catalytic cycle.*’ To delve further into the interactions between the TMPcs
molecules and the reaction intermediates, an analysis of charge distributions*-* was undertaken.
As depicted in Figures 4a and S20, the primary charge transfer occurs around the M-N, active sites
and CO, molecules and exhibits increased covalency, which facilitates the formation of an

effective electron transfer pathway between intermediates and TMPcs. The transferred electrons

predominantly originate from the m-conjugation between the metal's d-orbitals and the TT-

conjugated macrocycles. This redistribution of charge further enhances the M-N, redox reactions
during the eCO,RR process. Quantitatively, the charge properties of the molecules follow the
trend: CoPc (0.557 e/Bohr?) > NiPc (0.556 e/Bohr’) > FePc (0.536 e/Bohr’) > ZnPc (0.456
e/Bohr’) > CuPc (0.447 e/Bohr®). This corresponds to the onset overpotential during the
electrochemical test to some extent.

To further elucidate the effects of different TMPcs on catalytic reactions. The DFT calculations
of free-energy pathways for CO, reduction at the metal sites of TMPcs were performed using the
computational hydrogen electrode model.>*>* The schematic diagrams of intermediate structures

are presented in Figure 4b. Among the four elementary reaction steps, the *COOH formation and
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*CO desorption reaction energies are significantly dependent on the type of TMPcs. For NiPc,

CoPc, CuPc, ZnPc and CC, the *COOH formation was identified as the most endergonic step,

oNOYTULT D WN =

9 determining the overall reaction rate. In contrast, FePc exhibited a higher free-energy barrier (AG)
1 for CO desorption, potentially leading to the encapsulation of the catalyst's active sites and
14 affecting the eCO,RR catalytic process. Considering that the *H intermediate is involved in both
the eCO,RR and HER processes (Figure S21), it influences the selectivity of the final product. The
19 corresponding AG values for these intermediates on TMPcs and CC were calculated.
Consequently, CuPc, ZnPc, and the CC all exhibited high reaction energy barriers throughout the
24 reaction process (Figure 4c), making electron consumption either for *H generation or *COOH
27 conversion inaccessible. In contrast, CoPc and NiPc, with moderate AG, were endowed with
29 optimal catalytic selectivity and electron consumption rates. These results are in perfect agreement

32 with the experimental data, further elucidating the origins of catalytic activity.
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Figure 4. (a). The charge density difference and corresponding charge transfer, yellow parts signify
an increase in electrons; blue indicates a decrease; (b). The schematic diagram of the catalytic

process of CoPc is shown; (c). The free-energy barrier of eCO,RR in the catalytic reaction process.

4. Conclusion

In summary, an eco-friendly sublimation strategy was employed to construct an ICE for

eCO,RR. This solventless approach enabled uniform dispersion of TMPcs molecules on TT-rich

electron surfaces, established a robust pathway for electron transport and thereby enhanced the
catalytic efficiency. The CC-CoPc-430/450 and CC-NiPc-430/450 samples exhibited high CO,
reduction activity and CO selectivity. Particularly noteworthy is the impressive Faradaic efficiency
of 97.1% for CO production at -0.86 V and a current density of 8.3 mA cm™ achieved by CC-

CoPc-450. The comprehensive catalytic performance of CO,RR places our system in the top 10%
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decile of reported phthalocyanine-based setups. DFT calculations elucidated the d-orbitals at the

metal center and the TT-conjugated macrocycle in TMPcs facilitated effective electron transfer and

significantly enhanced catalytic activity. Our work provides a new approach and high efficiency for
loading the insoluble catalyst onto conductive substrates which promotes their potential practical

applications.

Data Availability

Data will be made available on request.
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The detailed account of experimental materials and DFT calculations, along with comprehensive
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Included are the TG curves of transition metal phthalocyanines, LSV results obtained by
sublimation strategy sample preparation under different atmospheric conditions, detailed XPS
spectra of the samples. The differential charge density maps capturing the electrocatalytic
reactions. Additionally, a table outlining the precise peak positions from TG-FTIR analysis and a
comparative table of the current-stage metal phthalocyanine-loaded on carbon-based substrates'

electrocatalytic performance are provided.
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