Monolayer Molecular Functionalization Enabled by Acid-Base Interaction for High-Performance
Photochemical CO; Reduction

Bo Shang,®® Fengyi Zhao,® Chungseok Choi,* Xiaofan Jia,* Magnus Pauly,? Yueshen Wu,*® Zixu Tao,*"

Yiren Zhong,*® Nia Harmon,*® Paul A. Maggard,! Tianquan Lian,® Nilay Hazari,* and Hailiang Wang**®

a. Department of Chemistry, Yale University, New Haven, Connecticut, 06520, USA

Email: hailiang.wang@yale.edu

b. Energy Sciences Institute, Yale University, West Haven, Connecticut, 06516, USA

c. Department of Chemistry, Emory University, 1515 Dickey Drive, Atlanta, Georgia, 30322, United States
d. Department of Chemistry, North Carolina State University, Raleigh, North Carolina, 27695-8204, United

States

ABSTRACT

We report the development of a hybrid catalyst consisting of carbon nitride (CNy) and cobalt phthalocyanine
tetracarboxylic acid (CoPc-COOH), which converts CO; to CO with high reaction rate (1067 pmol/g-h)
and high selectivity (over 98%), under simulated solar irradiation. The carboxylic acid substituents on the
phthalocyanine ligands play a critical role as they bind to the amine groups of CNx to enable nearly ideal
monolayer coverage of the molecular co-catalyst on the semiconductor surface and promote catalytic
activity from the molecular complex. Specifically, the CNy/CoPc-COOH hybrid material achieves a
reaction rate 16 times higher than a CNy material containing unsubstituted CoPc molecules. We further
show that activation and deactivation of the CN,/CoPc-COOH composite, which are associated with the
reduction and decomposition of CoPc-COOH, respectively, both proceed at a nearly constant rate regardless
of the CO; reduction reaction rate. The decoupling of charge carrier injection and CO; reduction catalysis
has important mechanistic implications for future performance optimization and materials design of

photocatalysts for CO, reduction.



The rising concentration of CO; in the atmosphere and the depletion of our fossil fuel reserves make it
desirable to produce fuels and commodity chemicals using CO, as a feedstock.!* Photoreduction is one of
the most direct methods to harvest sunlight and valorize CO,*®* and numerous semiconductor materials have
been explored as photocatalysts for CO, reduction.”!” Among them, carbon nitride (CNyx) based materials
possess significant advantages because they are inexpensive, easy to produce on large scale, and do not
contain any noble or toxic metals.'®?? However, in catalytic systems for CO, reduction involving CNjy, a
co-catalyst is often required to give high rates and selectivity. For example, Li et al. developed a CNy
catalyst containing single-atom cobalt sites, which achieved a turnover number (TON) >200 for CO,
reduction to CO, with a selectivity of approximately 80%.% Given the well-defined structures and tunability
of molecular transition-metal catalysts, it would be desirable to use them to both improve performance and
elucidate mechanistic pathways,?*%¢ but at this stage it is challenging to achieve high and uniform coverage

of molecular catalysts on CN surfaces.

Cobalt phthalocyanine (CoPc) is one of the most widely studied and best performing molecular catalysts
for CO» electroreduction.?”’ Its catalytic performance can be enhanced by both hybridization with carbon
nanotubes and tuning of the electronic properties of the Pc ligand to enable more efficient production of
CO or generation of liquid products such as methanol.?®-> However, there has been only a limited number
of studies exploring CoPc as a catalyst for photochemical CO, reduction. Additionally, previous studies
commonly use CoPc as a light absorber but not a co-catalyst.3** Recently, Ouyang et al. constructed a
molecular assembly of a CoPc co-catalyst and a pyridine-appended iridium photosensitizer, which gave
quantum yields of up to 27.9% for CO, reduction to CO but relies on noble metal materials.>” Similar
molecular structures such as Co quaterpyridine complexes and polymeric CoPc have been loaded onto CNy
to generate systems for CO, photoreduction.!'* 383 Nevertheless, the reaction rate and/or turnover frequency
(TOF) remain relatively low. Our prior research has shown that high catalytic performance can be enabled

by high coverage and uniform distribution of individual catalyst molecules on support materials.?* 282



Therefore, it is important to formulate specific molecule-material interactions for achieving mono-
dispersion of co-catalyst molecules, which will not only enhance the photocatalytic performance, but also
provide a well-defined system for studying interfacial charge transfer, molecular catalysis, and
activation/deactivation to answer important mechanistic questions. For example, it is known that CoPc
molecules need to be reduced before they can transfer electrons to CO,; however, the reduction state of the
real active catalyst remains elusive.?” * Furthermore, CoPc-based photocatalysts are known to deactivate

under UV illumination,*! but the mechanism has not been investigated in detail.

In this work, we achieve nearly monolayer coverage of cobalt phthalocyanine tetracarboxylic acid (CoPc-
COOH) molecules on CNy by taking advantage of the acid-base interaction between the amine groups on
the CNy and the carboxyl groups of CoPc-COOH. The resulting CNx/CoPc-COOH hybrid material shows
a high photocatalytic activity of 1067 pmol-g'-h™! with selectivity of over 98% for CO, reduction to CO
under illumination from an AM1.5G-filtered 150 W Xe lamp (300 mW/cm?). This is higher than most
previously supported systems for CO; reduction based on CNy semiconductors. We show that the -COOH
groups are responsible for both the strong interaction with the CNy substrate and the high catalytic activity
of the CoPc-COOH molecules. For example, CN/CoPc-COOH gives 8 times higher co-catalyst loading
and 16 times higher reaction rate compared to a control material with unsubstituted CoPc (CN,/CoPc). We
also studied the activation and deactivation of the CN,/CoPc-COOH hybrid. The activation is associated
with multiple-electron reduction of the supported CoPc-COOH molecules by photoelectrons, whereas the
deactivation is caused by CoPc-COOH decomposition and leaching of the metal into the solution.
Intriguingly, the activation and deactivation rates are independent of the photocatalytic activity or
substituents on the CoPc structure, which indicates that electron injection into the molecular co-catalyst and
subsequent CO; reduction catalysis may be decoupled in this system, providing a new strategy for

photocatalyst design and optimization.



CN, was made via pyrolysis of urea according to a literature method (Figure S1).2! CoPc-COOH molecules
were then assembled onto the CNy surface (input CoPc-COOH:CNy ratio = 5 wt.%) by ultrasonication of
CNy in a N,N-dimethylformamide (DMF) solution of CoPc-COOH (Figure 1a, see Supporting Information,
SI 1.c for experimental details). The color of CNx changes from light yellow to cyan blue after the loading
of CoPc-COOH (Figure S2). Scanning electron microscopy (SEM) shows the nanosheet microstructure of
the CNy/CoPc-COOH hybrid material (Figure 1b). Aberration-corrected scanning transmission electron
microscopy (AC-STEM), which shows atomic-number-dependent contrast, suggests dense and relatively
uniform distribution of Co atoms on CNy (Figure 1c). Energy-dispersive X-ray spectroscopy (EDS)
mapping confirms the uniform distribution of CoPc-COOH molecules on the CNy surface (Figure 1d and

S3).
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Figure 1. (a) Schematic illustration of CNy/CoPc-COOH preparation. (b) SEM image of CNy/CoPc-COOH on
a lacey carbon film support. (c¢) AC-STEM image of CN,/CoPc-COOH. The inset shows a CoPc-COOH

molecule drawn to scale. (d) EDS mapping of Co, C, and N elements in CN,/CoPc-COOH.



The mass loading of CoPc-COOH in the hybrid material was quantified by inductively coupled plasma
mass spectrometry (ICP-MS) to be 2.4 wt.%. Interestingly, this value matches our calculated maximum
loading for CoPc-COOH monolayer coverage on CNy (see SI 2.d for details). As the input amount ratio of
CoPc-COOH to CNy is lowered, the loading decreases linearly (Figure 2a). However, no obvious increase
in loading is observed when the input amount is increased to 10 wt.%, which confirms that the CNj surface
has indeed been saturated at the 2.4 wt.% loading. The efficiency of assembling CoPc-based molecules
onto CNy surfaces is strongly dependent on the structure of the molecule and the type of CNy. Unsubstituted
CoPc and perfluorinated CoPc (CoPc-F) (Figure S4) show 8 and 12 times lower loadings than CoPc-COOH
under identical assembly conditions (Figure 2a), respectively. This result indicates that the -COOH groups
may play an important role in binding the CNj surface. When melamine is replaced for urea as the precursor,
the resulting CNy (m-CNy) is much less effective in binding CoPc-COOH. The same assembly conditions
lead to a 4 times lower loading (Figure 2a). FTIR characterization was performed for CNyx and m-CNy. The
spectra (Figure 2b) were normalized by the C-N stretching peak at 1226 cm™ considering that these
materials should have roughly comparable numbers of C-N bonds. The results reveal that m-CNy has more
heptazine but less N-H moieties than (urea-derived) CNy (Figure 2b), indicating a higher density of surface
-NH: groups and a lower degree of polymerization for CN.** These results led us to hypothesize that the
strong binding between CoPc-COOH and CNy is because of the acid-base interaction between the -COOH
and -NH, groups. While previous work has shown that hydrogen bonding can also enable supermolecular

assembly,® it is unlikely to be the case here since CoPc-F does not bind strongly to CNx.
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Figure 2. Acid-base interaction between CoPc-COOH and CNy. (a) Correlation between actual loading and input
amount for CoPc with different substituents assembled onto CNx or m-CNx. The black dashed line represents
the estimated maximum loading for monolayer coverage of CoPc-COOH on CNy. (b) FTIR spectra of CNx and
m-CN,, with the heptazine and amine peaks labelled. (¢) Loading of substituted benzene with different functional
groups onto CNy. (d) UV-vis spectra of solutions obtained from washing CN,/CoPc-COOH with DMF or DMF

+ HCI. Inset shows photos of the solutions.

To test this hypothesis, we studied the assembly between benzoic acid and CNx (SI 1.d). We find that
benzoic acid molecules can be effectively loaded onto CN,, readily reaching a mass loading of 1.7%
(Figure 2c and S5). In contrast, toluene can barely be loaded onto CNy, consistent with the -COOH group
playing a significant role. Notably, when benzoic acid is basified to form benzoate, assembly with CNy

does not happen, which suggests that it is the acidic character of the -COOH group that is responsible for



the strong interaction with CNy. Returning to the CN,/CoPc-COOH hybrid, the loaded CoPc-COOH
molecules cannot be removed from the CNy by washing with DMF (Figure 2d and SI 1.¢). However, if a
mixed solution of DMF and HCI is used (SI 1.e), a substantial amount of CoPc-COOH is washed away,
presumably because the HCI protonates the CoPc-COO™ on the CNy surface and disrupts the acid-base
interaction (Figure 2d). Together, these results support that the CoPc-COOH assembly with CNy is driven

by the acid-base interaction between the -COOH and -NH> groups.

The CN,/CoPc-COOH hybrid material (2.4 wt.% co-catalyst loading unless otherwise stated) was
investigated for photocatalytic CO» reduction under illumination from an AM1.5G-filtered 150W Xe lamp
(300 mW/cm?, 3 cm?) with triethanolamine (TEOA) as the electron donor and acetonitrile as the solvent. It
takes 1 h for the photocatalyst to be activated and reach the maximum CO; reduction rate of 1067 umol-g
Lh! (normalized to the total mass of CNy/CoPc-COOH, Figure 3a), corresponding to a TOF of 33.2 h!
(normalized to the total number of CoPc-COOH molecules, Figure S6). After the rate peaks, the
performance starts to decay gradually, giving a value of 780 umol-g'-h! after 8 h. CO is produced with a
selectivity of over 98% (Ha is the other reduction product) throughout the reaction period (Figure 3a), and
the TON is 221. When the reaction is illuminated with a 365 nm LED light, an apparent quantum yield of
0.90% is measured (SI 2.b). Our CNy/CoPc-COOH outperforms almost all CN-based photocatalysts
reported to date under comparable conditions (Figure 3b and Table S1).!# 2% 384451 Without CoPc-COOH,
CNy alone shows essentially no activity for CO; reduction (Table S2), corroborating the critical role of the
molecular co-catalyst. As we decrease the CoPc-COOH loading gradually from 2.4 wt.% to 0.2 wt.%, the
reaction rate decreases whereas the TOF increases (Figure 3c, S6), which is a common phenomenon in

catalysis as the number of catalytic sites decreases.’*>?

However, when we further increase the loading
beyond 2.4 wt.%, which is the monolayer coverage limit, the reaction rate starts to decrease (Figure 3c).

In particular, a physical mixture of CNy containing 10 wt.% of CoPc-COOH shows no activity. This

indicates that the dispersion of the molecular catalyst is critical for the reaction. It is likely that aggregated



CoPc-COOH, which is electrically insulating, cannot efficiently transfer electrons from the CNx to CO,, as

we have demonstrated earlier for electrocatalysis.
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Figure 3. (a) Reaction rate and selectivity of photochemical CO, reduction to CO catalyzed by CN,/CoPc-

COOH. (b) Comparison of photocatalytic performance with other CNx-based photocatalyst materials reported

in the literature (see Table S1 for details). (¢) Loading-dependent CO production rate of CoPc with different

substituents supported on CNy or m-CNy.



We find the photocatalytic performance is highly dependent on the CoPc substituent and the type of CNx.
CNi functionalized with CoPc-F and unsubstituted CoPc¢ respectively show 1.5 and 8.0 times lower reaction
rates and 1.8 and 15 times lower TOFs than CN,/CoPc-COOH at comparable loadings (Figure 3c, S6).
This result is indicative of the critical role of the -COOH groups in rendering the high performance of the
CN,/CoPc-COOH photocatalyst. Replacing CNx with m-CNy or a crystalline CN,** (Figure S7, SI 1.1) also
significantly lowers the photocatalytic reaction rate (Figure 3c, Table S2), suggesting that the exact
structure of the CNy light absorber also plays a crucial role in the photochemical CO, reduction reaction,

likely by impacting the charge carrier generation, separation, and transfer processes.

The CN,/CoPc-COOH photocatalyst exhibits obvious activation and deactivation behavior (Figure 4a, S§8),
which is often observed in other photochemical CO, reduction studies but is not well understood.'* 3’ We
first studied the activation process. We observe that the color of the CN,/CoPc-COOH photocatalyst
changes from cyan to white 15 min after the CO, photoreduction reaction starts (Figure S9a). In-situ UV-
vis measurements were performed to characterize the process (Figure 4b). The starting CN,/CoPc-COOH
suspension shows a characteristic absorption peak at 696 nm, which quickly diminishes after 3 mins of
illumination. Meanwhile, the 732 nm peak rises. As the illumination continues, the 732 nm peak gradually
decreases in intensity. We hypothesize these color and spectral changes are associated with the reduction
of CoPc-COOH. Indeed, the original cyan color can be quickly restored when the activated/reduced
photocatalyst is re-exposed to air (Figure S9b). An identical phenomenon is observed in Ar atmosphere
(Figure S9c), suggesting that CO; is not involved in the CoPc-COOH pre-reduction process. X-ray
photoelectron spectroscopy (XPS) measurement of the fully activated CN,/CoPc-COOH reveals a shift of
0.65 eV to lower binding energy for the Co 2p electrons compared to the initial CN,/CoPc-COOH (Figure
4c). Based on the direction and magnitude of this shift, we believe the Co center is reduced from +2 to +1
oxidation state in the activation process, which generates the real co-catalyst that enables CO, reduction to

CO.



To further probe the reduction-based activation, we carried out chemical reduction of CoPc-COOH in its
DMF solution by KCs and monitored the reduction process with UV-vis spectroscopy (SI section 1.g). The
starting CoPc-COOH solution shows a main absorption feature at 665 nm, which has the same origin as the
696 nm absorption of the CN/CoPc-COOH suspension. The peak shift is likely caused by interaction with
CNx. Upon stepwise reduction, the CoPc-COOH solution changes from the original cyan color to light
green, light yellow, and then light pink (Figure S10). Comparing the absorption spectra with the
aforementioned in-situ results shows that two-electron reduced CoPc-COOH is formed after about 3 min
of activation under the photochemical reaction conditions, whereas 40 min of illumination yields four-
electron reduced CoPc-COOH. Considering that the CN,/CoPc-COOH catalyst experiences an incubation
time (the first activation period where the activity is near zero) of about 20 mins and takes about 1 h of total
activation time to reach its peak performance (Figure 3a), we propose that the four-electron reduced CoPc-
COOH is the main species active for reducing CO,, and that the one- or two-electron reduced CoPc-COOH
has no CO; reduction activity. We also find the two-electron reduced CoPc-COOH from the chemical
reduction can be easily re-oxidized by air (Figure S11), consistent with the behavior of the CN,/CoPc-
COOH photocatalyst (Figure S9b). The fact that the color restoration cannot occur in CO, atmosphere
confirms that the two-electron reduced CoPc-COOH is not active for CO, reduction. To the best of our

knowledge, this is the first time that the reduction state of active CoPc species for CO; reduction is identified.

Transient absorption measurements of CNy/CoPc-COOH were carried out to study the dissipation kinetics
of photogenerated electrons (SI 2.g). The results show a faster decay after the photocatalyst material is
activated (Figure 4d and S12), suggesting that the activation also improves the charge transfer between
CNy and the CoPc-COOH molecules.!” 53¢ As we vary the loading of CoPc-COOH, we find a clear linear
relationship between activation time and loading (Figure 4¢). This again confirms that the activation

process is the reduction of CoPc-COOH which seems to proceed at a constant rate (i.e., roughly the same



number of CoPc-COOH molecules are activated per unit time) in this case. Interestingly, CN,/CoPc and
CN,/CoPc-F fit the line well despite their much lower photocatalytic activity than CNy/CoPc-COOH, which
indicates that the activation is neither affected by substituents on CoPc nor directly associated with the CO»

reduction process.
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Figure 4. (a) Hypothetical activation and deactivation mechanisms of CoPc-COOH. (b) In-situ UV-vis spectra
of CN,/CoPc-COOH with varied illumination time (in min). (¢) Co 2p3» XPS spectra of CN/CoPc-COOH
before and after activation. (d) Normalized transient absorption kinetics of a CN/CoPc-COOH film before and
after activation. The dots represent the original data points, and the lines represent the fitted power-law decay
curves. (e) Correlation between activation time and co-catalyst loading. (f) Percentage of Co detected in the
solution before and after reaction. (g) UV-vis spectrum of the filtered reaction solution after deactivation, in

comparison with CoPc-COOH dissolved in the same mixed solvent (acetonitrile/TEOA). (h) Photocatalytic CO»



reduction performance of CNx with CoPc-COOH (dissolved in DMF) added to the acetonitrile/TEOA reaction

solution. (i) Correlation between reciprocal deactivation rate and CoPc-COOH loading.

We then analyzed the deactivation process. After 12 h of photochemical CO; reduction (Figure S13), we
find using ICP-MS that 58% of the Co in the starting CN,/CoPc-COOH has leached into the solution
(Figure 4f). UV-vis inspection of the post-reaction solution shows no absorption features that belong to
pristine or reduced CoPc-COOH (Figure 4g, S10), indicating that the leached Co is not coordinated by the
Pc ligand anymore. Indeed, if we run the CO, reduction reaction using CNy as the photocatalyst with the
CoPc-COOH co-catalyst (2.4 wt.% of CNy) dissolved in the solution (DMF was included in the solution to
enable CoPc-COOH dissolution, SI 2.a), a reasonably high CO production rate can still be realized (Figure
4h), which confirms that the deactivation of CNy/CoPc-COOH is not due to simple dissolution of the co-
catalyst molecules into the solution but is caused by permanent decomposition of CoPc-COOH. On this
basis, we can derive the following equation for the relative deactivation rate if we assume each active CoPc-

COOH molecule makes equal contribution to the reaction activity:

Number of CoPc—COOH molecules deactivated per hour

Deactivati te =
cachivation rate Total number of CoPc—COOH molecules (Loading)

The deactivation rate here is defined as the percentage decrease of the reaction rate (per hour) and is
determined from fitting the linear region after the peak reaction rate on the rate vs time curve (Figure S14).
Plotting the reciprocal deactivation rate vs CoPc-COOH loading yields a straight line (Figure 4i),
suggesting that the number of CoPc-COOH molecules that are deactivated per hour is a constant regardless
of the overall reaction rate or TOF for CO, reduction (Table S3). Although the actual cause of CoPc-COOH
decomposition is not clear at this stage, it is likely not directly associated with the CO; reduction process.
Despite the deactivation, our CN,/CoPc-COOH catalyst is able to yield a total CO amount of 26.8 mmol

per gram of catalyst, which is one of the best among CNy-based photocatalysts (Table S1).



The observation that both activation and deactivation proceed at constant rates independent of the CO»
reduction performance indicates that these two processes likely do not directly involve CO,. We therefore
propose that they are driven by charge carriers injected from the CNy light absorber. Considering that the
activation rate is independent of the presence or type of substituents on CoPc (Figure 4¢), we infer
photoelectrons are transferred from CNy to the co-catalyst molecules through the m plane rather than the
functional group. On the other hand, the CO, reduction rate has a strong dependence on CoPc substituents
(Figure 3c), which indicates that it may be controlled by the electron transfer from the co-catalyst to CO..
Hence, we conclude that the CO, reduction catalysis on the co-catalyst molecule is decoupled from the
charge injection at the CNy/co-catalyst interface. This implies the possibility to improve the reaction system
by optimizing these two steps separately. Taken together, the -COOH substituents play two major roles in
this reaction system: i) they enable effective loading of co-catalyst molecules on the light absorber via acid-

base interaction; ii) they improve the catalytic activity of CoPc for CO» reduction to CO.

In summary, we have successfully developed an acid-base interaction strategy for assembling CoPc-COOH
molecular co-catalysts onto CNy surfaces with nearly monolayer coverage. The resulting CNy/CoPc-COOH
photocatalyst shows high CO; reduction performance and is one of most active CNy based systems reported
to date. Additionally, via our study of the activation and deactivation mechanisms, we have provided
molecular-level insight into the photocatalytic CO; reduction reaction, which may be valuable for the design

of improved systems.
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