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ABSTRACT

Ultrathin 2D nanomaterials with extremely large surface area and unique electrochemical
properties are considered excellent electrocatalyst candidates for clean energy conversion and
environmental applications. However, it is still challenging to prepare 2D catalysts through a
scalable and sustainable process that may become suitable for industrial demands. Here, we
reported a facile cyclic synthesis method of ultrathin 2D nanomaterials based on the ionic layer
epitaxy. By repeatedly refreshing a surfactant monolayer on the solution surface, free-standing 2.2
nm thick hexagonal Co(OH). nanosheets were obtained from the water surface at ambient
conditions in multiple cycles. These nanosheets exhibited a consistently high OER performance
with an average overpotential of 427.4 £ 5.3 mV at 10 mA cm™. Remarkably, hexagonal NSs
could be obtained from a wide range of precursor concentrations which could enable over 84 cycles
of synthesis on the same stock precursor solution. It will shed light on the design of autonomous
and sustainable synthesis of 2D nanomaterials for advanced electrocatalysis development toward

a clean future.
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INTRODUCTION

Advanced electrocatalysis is considered a promising approach to the global desire for clean
energy and environmental sustainability.[1-6] The design and synthesis of efficient and affordable
electrocatalysts are essential to many electrochemical energy conversion and storage
applications.[7, 8] In recent years, two-dimensional (2D) nanomaterials with monolayer or a-few-
layer thickness have attracted great attention, because of their remarkably high surface area, rapid
charge transfer, and versatile surface functionalization.[9-11] Thence, they have been widely
applied in vast fields such as electronics, electrocatalysis, and energy storage with great prospects
for future industries. Various methods are available for creating 2D materials either from top-down
or bottom-up, including mechanical exfoliation,[ 12] liquid exfoliations,[13] physical and chemical
vapor deposition,[14-17] and reactions in solution.[18] Despite significant progress and wide
ranges of achievements, a few critical obstacles still restrict the field of large-scale preparation and
applications of 2D catalysts. For example, top-down methods such as exfoliation processes require
long-time and energy-intensive sonication and centrifuge, with limited control over the size and
geometry.[19, 20] In a large number of bottom-up methods studied to date, 2D nanomaterials
synthesis mainly relies on high vacuum physical or chemical deposition,[15] or high temperature
and pressure-based solvothermal methods.[21] Both approaches are also limited to naturally
layered materials, i.e. van der Waals solids. In addition, these approaches are often associated with
expensive equipment, hazardous chemicals, and high energy and materials consumptions. These
largely impede the application of 2D nanomaterials from meeting the industrial demands, where
the materials and synthesis process should be scalable, cost-effective, and environmental-
friendly.[22] Recently, we developed a solution-based approach, ionic layer epitaxy (ILE) to
synthesizing 2D materials from a wide range of materials including metals, oxides, and hydroxides
beyond the limitation of van der Waals solids.[23-29] This technique relies on the ionized surface
monolayer to serve as a floating substrate, which directs the growth of nanometer-thick 2D
nanosheets (NSs) underneath. By tuning the electrical double layer at the interface, ILE is able to
adjust the thickness of NSs within the 1 nm regime. Precise control of the thickness enables a fine-
tune of the NSs’ physical and chemical properties, including electronic bandgap, conductivity, and
catalytic. Therefore, compared to other conventional 2D nanomaterials synthesis methods, ILE

excels in simplicity, using readily available sources and tools, which translates into significantly



lower costs, easier scale-up and broader industrial potential - a sustainable, cost-effective and

accessible alternative to conventional methods.

Here, we report a sustainable and cyclic synthesis strategy for growing 2D nanomaterial at
the air-water interface based on ILE. Nanometer-thick nanosheets (NSs) were successfully
synthesized via ILE over multiple cycles from a repeatedly used aqueous solution containing
tartrate-coordinated[30, 31] metal precursor ions at ambient conditions. After the free-standing 2D
materials were transferred, the remaining precursor solution could be reused by adding a new layer
of surfactants. In addition, the used surfactants could be recycled by organic solvent extraction.[32]
All Co(OH)> NSs obtained 5 times from this cyclic ILE process demonstrated a consistent and
outstanding oxygen evolution reaction (OER) performance. This strategy demonstrated the
potential of scalable 2D materials synthesis with minimal waste source materials. This may open
a new avenue for industrial-level production of 2D nanomaterials, which is sustainable and eco-

friendly.

RESULTS AND DISCUSSION
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Figure 1. (a) Schematic illustration of the cycling ILE synthesis process. (b) Optical photo of the
synthesis setup. (c¢) Co-Tart precursor solution in the synthesis funnel. (d) Stable air-water interface
during ILE NS growth. (¢) SEM images of Co(OH), NSs from the cycling synthesis cycles.

Numbers in parentheses are estimated. [scalebar = 1 um]

The cyclic synthesis of 2D Co(OH): was modified from a typical ILE process as
reported,[23] and schematically illustrated in Figure 1a. A cobalt chloride (CoCl2) aqueous
solution was prepared as the precursor source. Additional ammonium tartrate ((NHs),Tart) was
introduced to coordinate the metal ion for enhanced solution stability.[30, 31, 33] Tartrate
molecules with two anionic carboxyl groups not only formed a complex (Co-Tart) with metal
ions[34, 35] to prevent the nucleation in bulk solution, but they also promoted the precursor
accumulation at the cationic surfactant monolayer for the 2D crystal nucleation. To start the ILE
synthesis, a chloroform solution containing octadecylamine (ODAM) was dropped cast on the

water surface. A monolayer of positive charged ODAM assembled at the air-water interface with



a theoretical density of 1.6 nmol cm™ after chloroform was fully evaporated. Meanwhile, Co-Tarts
were attracted to the ODAM monolayer forming an electrical double layer, where a few nm thick
Co(OH)2 NSs started to nucleate and grow after the superstation was reached.[36, 37] The growth
of Co(OH)2 NSs finished in 4 hours, and they were transferred to an supporting substrate by
scooping from the water surface. Given the NS thickness was confined by the electrical double
layer, only a few nm-deep region at the water-air interface was involved in the NS growth,[25, 26,
38]only a trace-level amount (on nano-molar magnitude) of precursors was converted to NSs from
the solution. [39]Based on the ILE mechanism, this synthesis process can be repeated after

removing the disturbed surfactants and rebuilding a new surfactant monolayer.

To demonstrate the sustainability of the cyclic ILE synthesis, a facile “funnel + filtering
flask” setup was developed to collect the NSs, remove residue surfactants and recycle the precursor
solution (Figure 1b, see Method for experimental details). During the NS synthesis, the clamp
was closed, and the solution was held steady in the funnel by the air pressure (Figure 1¢). Adding
10 mL solution gave a consistent opening area with a diameter of about 3 cm in the funnel (Figure
1d). The pink color of the precursor solution (2.5 mM) did not visibly fade after synthesis
suggesting that there was a substantial amount of precursors remaining in the post-synthesis
solution. Based on the experimental procedure, we estimated the cobalt precursor consumption
from one ILE NS synthesis and further predicted the upper limit of the number of cycles that may
be achieved by this synthesis strategy. Assuming the air-water interface was fully covered by
Co(OH)z NSs with a uniform 2.2 nm thickness, approximately 60.2 nmol Co*" would be consumed
in one synthesis, equivalent to a 0.006 mM drop for 10 mL solution. This 0.24% concentration

drop had negligible influence on reuse for synthesizing the NS again.

To show the cyclic ability, the Co(OH)2 NSs were synthesized using this setup and repeated
five times. During all five synthesis cycles, the precursor solution remained a light pink color of
the Co-Tart complex, and showed no Tyndall effect as the laser passed through, suggesting no
particles formed in the bulk solution (Figure Sla). Scanning electron microscopy (SEM)
demonstrated that all the NSs exhibited the same hexagonal morphology with a 3 um lateral size
(Figure 1e). No particles or other nanostructures were observed from the collected samples, and
only the coverage varied slightly due to the fluctuation of imprecise surfactant density between
cycles (Figure S1b). The NSs were evenly distributed on the surface as a single layer with a

coverage of about 26% without apparent overlaps. After the NSs were transferred from the fifth



synthesis cycle and ODAM was removed, the possible residues on the flask-collected post-
synthesis solution surface were scooped on the Si substrate and characterized by SEM (Figure
S2a). No obvious particles or micelles were found, suggesting that surfactants were successfully
removed, and the recycled solution could be further used for more synthesis cycles. To further
show the negative effect of leftover surfactant at the air-water interface, the fresh precursor
solution after adding surfactants was collected by the bottom flask without the surfactant removal
step. Then, this solution was reused for another synthesis. Under a non-uniform surfactant layer,
no NSs were obtained after 4-hour synthesis. Only nanoparticle agglomerations were gained from
the air-water interface (Figure S2b). These results suggested that completely removing surfactant
residue after every synthesis is vital because NSs prefer to grow under a uniform surfactant

monolayer.

It is non-trivial to make an obvious solution concentration reduction by repeating the
synthesis process because the concentration drop was estimated as only 0.006 mM per synthesis
cycle. Instead, we carried out a synthesis of 2 mM Co?" precursor solution with other parameters
the same, to present the repeatability at low precursor concentration (As calculated, the initial Co**
concentration for the 84th synthesis cycle would be 2 mM). The hexagonal NS morphology
persisted with a moderately shorter edge length (Figure le). This suggested that the Co®"
concentration window for this hexagonal NSs growth is wide, potentially allowing over 84
synthesis cycles with careful operations. The precursor ions in the solution can be efficiently
utilized for the synthesis, and this cycling process is promising for a sustainable 2D material

preparation.
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Figure 2. Co(OH)> NSs Characterizations. (a) SEM image; (b) AFM topography of hexagonal
NSs. (¢) HRTEM image with FFT. (d) XPS Co 2p spectrum.

More characterizations were performed on the hexagonal Co(OH)> NSs. As shown in
Figure 2a, The Co(OH)2 NS synthesized from a fresh solution possessed a hexagonal shape with
a lateral size of 3 um. The NSs were evenly distributed on the surface as a single layer with a
coverage of about 26% without apparent overlaps (Figure S1b). Atomic Force Microscopy (AFM)
further revealed the flat surface of the hexagonal NS and the uniform thickness of 2.2 nm with a
roughness of 0.2 nm (Figure 2b). HRTEM also evidenced the hexagonal lattice structure of -
Co(OH); with (001) plane exposed. The lattice spacing of 0.213 and 0.244 nm were associated
with the (110) and (100) atomic planes,[40] respectively (Figure 2c¢). X-ray photoelectron
spectroscopy (XPS) spectra were obtained to analyze the chemical states (Figures 2d and S3).
The Co 2p3/2 and Co 2p12 peaks located at 181.6 and 796.6 eV, respectively, which were attributed
to the Co?* oxidation state in the B-Co(OH), phase. The ultrathin flat morphology of these Co(OH),



NSs with large surface exposure of Co sites makes them suitable for highly efficient

electrocatalytic applications.
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Figure 3. OER performance of Co(OH)2 NSs from the first cycle ILE synthesis. (a) LSV curves;
(b) Tafel slopes; (c¢) Nyquist plots; (d) 24-hour CA curve of hexagonal Co(OH), NSs (@1.72 V
vs. RHE). (e) LSV before and after 24 hours test. SEM images of Co(OH), NSs on FTO substrates
(f) before and (g) after the stability test.

The OER catalytic properties of these Co(OH), NSs were then investigated by
electrochemical measurements. Fluorine-doped tin oxide (FTO) substrates were used as working
electrodes, and all measurements were carried out in 1M KOH electrolyte with a three-electrode

system. Because of the rough FTO surface, the distribution of surface water film after transfer was



largely disrupted. Consequently, the NSs distribution on the FTO substrates showed a much lower
uniformity compared to those on the Si substrates. This also brought challenges to precisely
quantify the surface coverage of NS on FTS substrates. However, the yield of NS on water surface
would not be impacted. Therefore, the NS coverage (26%) determined on Si substrate under the
same synthesis conditions was used here to estimate the current density. Electrochemically
deposited Co(OH)> NSs on FTO were made as a reference to show the enhanced catalytic
properties of the as-synthesized hexagonal NSs from the ILE method (Figure S4). As the linear
sweep voltammetry (LSV) curves shown in Figure 3a, the deposited NSs showed an onset
potential of 329 mV vs. the reversible reference electrode (RHE), and the hexagonal NSs obtained
from the first cycle showed a lower onset potential of 307 mV vs. RHE. In comparison, the
deposited NSs could only produce a current density of 0.947 mA c¢cm™ at an overpotential of 416
mV vs. RHE. At the same overpotentials of 416 mV vs. RHE, the hexagonal NSs were able to
achieve a current density of 10 mA ¢m™, which was 10.6 times larger than that of deposited NSs.
The Tafel slopes were extrapolated and presented in Figure 3b. The Tafel slope of the deposited
NSs was determined to be 91.0 mV dec™!, and the Tafel slope of the hexagonal NSs was sharply
reduced to 57.8 mV dec’!, indicating the hexagonal NSs had faster interfacial kinetics compared
to the deposited NSs. Similar surface kinetics were also revealed by the Nyquist plots (Figure 3c)
obtained from electrochemical impedance spectroscopy (EIS). The semicircle represented the
change transfer resistance between the catalyst and the electrolyte interface. The semicircle radius
of the hexagonal NSs was about half smaller than that of deposited NSs, suggesting a significantly
enhanced change in transfer kinetics across the electrode-electrolyte interface. In general, the 2D
morphology could offer unique advantages including abundant surface active sites for binding
reactants (Figure S5), and short charge transfer lengths between the electrode surface and

electrolyte, making the hexagonal Co(OH), NSs from ILE a superb OER catalyst.

Furthermore, the long-term stability of the Co(OH)> NSs from the first cycle was assessed via
chronoamperometry (CA) at 1.72 V vs. RHE. Over 24 hours of continuous operation, 94.5% of
current density was maintained (Figure 3d). Accordingly, the LSV curves after 24 hours exhibited
an overpotential of 461 mV vs. RHE at 10 mA c¢cm™, which was 24 mV higher than the initial value
(Figure 3e). Consistently, the SEM characterizations of the NSs before and after the 24-hour CA
measurements evidenced the good stability of the NSs (Figure 3f-g), despite the different contrasts

indicating a conductivity decrease. The rough surface of the FTO substrate hindered water flow



uniformity compared to the smoother Si substrate. This disrupted the deposition of nanosheets
(NSs), causing uneven coverage with scrambled or folded NSs. Consequently, the yield and
uniformity of NSs on the FTO substrate were significantly lower than on the Si substrate. Because
the catalysts often degrade during electrochemical water splitting, it is important to improve the
stability by strategies like active site protection, catalytic carrier reinforcement and surface
reconstruction. [41] Here we argue that the ultra-thin 2D morphology of NS can provide strong
adhesion to the substrate and avoids detachment or possible mechanical damage. Therefore, this
NS morphology can be more resistant to degradation compared to irregular or rough electrode

surfaces, and more suitable for large-scale industrial-scale fabrication.
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Figure 4. OER performance of Co(OH)2 NSs from cycling synthesis. (a) LSV; (b) Tafel plots; (c)

overpotentials and Tafel slopes; (d) Nyquist plots.



The electrochemical properties of Co(OH)> NSs from other repeating cycles were then investigated
and compared to validate the cyclic synthesis capability. As the LSV curves shown in Figure 4a,
all Co(OH)> NSs samples from the five cycles exhibited about the same performance with an
average onset potential of 304.4 £ 7.6 mV vs. RHE and an average overpotential of 427.4 £ 5.3
mV vs. RHE at 10 mA cm™. The Tafel slopes extracted from the LSV curves are presented in
Figure 4b. The OER kinetics for the five samples were also consistent, which revealed an average
value of 62.16 + 1.06 mV dec™!. The variation over all samples was summarized in Figure 4¢ and
compared with the NSs synthesized in a conventional non-cyclic glass container and the
electrochemical deposited NSs in Table 1. The Nyquist plots from the EIS data revealed that the
charge transfer resistances of the hexagonal NSs were much lower than the electrochemical
deposited NSs (Figures 3¢ and 4d). Hexagonal NSs displayed a faster faradaic process and a
higher electric conductivity at the electrode-electrolyte interface, which were contributed by their
ultrathin thickness. The cycling synthesis demonstrated consistent high OER activities of the
Co(OH)2 NSs, confirming the success of the cycling ILE synthesis for scalable high-efficient 2D
catalyst preparation. [41] The large contrast between nearly identical LSV curves and diverse EIS
spectra in our cycled Co(OH)2 NSs was likely a result of the different probe depth between these
two approaches, where LSV probes only surfaces , and EIS uncovers the property from the entire
electrode landscape.. This phenomenon indicates the possible presence of bulk residues on 2D

surfaces after long cycles of synthesis.

Table 1. OER performance of Co(OH)> NSs from cycling synthesis.

Cycle Cobalt Onset Overpotential Tafel slope
potential @10mA cm
[mM] [mV] [mV] [mV/dec]

In vial 2.5 0.307 0.416 57.8
Deposited NA 0.329 0.721 91.0
1 2.5 0.317 0.437 61.5
2 2.494 0.307 0.422 62.9
3 2.488 0.297 0.424 63.3




4 2.482 0.305 0.429 60.4

5 2.476 0.296 0.425 62.7

84) 2.0 0.316 0.437 61.5
CONCLUSIONS

In conclusion, we reported a facile cyclic synthesis method of ultrathin 2D NSs based on
the ILE technique. Taking the unique advantages of the tartrate coordination in the solution and
the charged surfactant monolayer at the surface, 2D crystal nucleation and growth were confined
at the air-water interface. Free-standing 2.2 nm thick hexagonal Co(OH)2 NSs were obtained from
the water surface at ambient conditions and could be easily transferred to arbitrary substrates. We
demonstrated that the morphology of Co(OH)> NSs could be well-preserved over five synthesis
cycles and all the NSs showed superior OER performance due to their ultrathin thickness. They
possessed an average overpotential 0f427.4 5.3 mV vs. RHE at 10 mA cm™ with 94.5% retention
after 24 hours. We estimated that this method may potentially achieve over 84 synthesis cycles
with almost no waste generated. The cyclic synthesis design enables a potential for autonomous
synthesis, for example, by adapting a Langmuir-Blodgett trough with robotic top bars to achieve
automatic NS transfer and surfactant removal processes. This work reveals a scalable synthesis
strategy of ultrathin 2D materials, presenting a promising solution for the development of a facile,
low-cost, and sustainable strategy of 2D catalyst preparation toward clean energy and

environmental applications.

MATERIALS AND METHODS

Cycling synthesis of Co(OH)2 NSs in a glass funnel. The hexagonal Co(OH), NSs were
synthesized by the ionic layer epitaxy (ILE) method. A 10 mL aqueous solution containing 2.5
mM cobalt (IT) chloride (CoClz) and 4 mM tartrate (Tart) was prepared by successively dissolving
ammonium L-tartrate (Sigma-Aldrich) and CoCl>-:6H>O (Sigma-Aldrich) powders. The solution
was then transferred into the funnel with the clamp closed. The liquid flow was controlled by using
a clamp to change the air pressure in the filter flask. The chloroform solution containing 1.8 mM

octadecylamine (ODAM, Sigma-Aldrich) was slowly added to the surface of the precursor solution



to maintain the ODAM density of 1.6 nmol cm™ at the air-water interface. The reaction maintained
kept at ambient conditions for 4 h. The Co(OH)> NSs could be transferred to any substrate by
scooping the solution surface or extracting the solution for characterization and device fabrication.
Si substrates were used for NS characterization. To recycle the solution after synthesis, the clamp
was opened to allow the solution to fall into the flask. Approximately the last 50 puL of post-
synthesis solution in the funnel neck was sacrificed for surfactant removal. The solution collected

in the flask was used as the precursor solution for the next synthesis using the same procedure.

Characterization of Co(OH)2 NSs. A Zeiss LEO 1530 field emission scanning electron
microscope (FESEM) was used to study the morphologies of the Co(OH)2 NSs. Atomic force
microscopy (AFM) tomography images were obtained using an XE-70 Park System. X-ray
photoelectron spectroscopy (XPS) spectra were obtained using a Thermo Scientific K-alpha XPS

instrument at a 400 um spot size, with the flood gun turned on during the measurements.

Working Electrode Preparation. All working electrodes were prepared on fluorine-doped tin
oxide (FTO) substrates with an exposed area of 1 cm? (1 cm by 1 cm). Co(OH), NSs for
electrochemical measurements were directly transferred to FTO substrates by deposition at the air-
water interface. The electrochemically deposited Co(OH): film was prepared by galvanostatically
maintaining a current density of -0.25 mA cm-2 for 45 s in an aqueous plating solution containing
10 mM Co(NO3)2:6H20 and 30 mM KNOs. The resulting Co(OH), films were rinsed with DI

water and then dried in air at room temperature.

Electrochemical Measurements. The electrochemical measurements were performed on an
Autolab PGSTAT302N station, using the three-electrode setup, with Co(OH), NSs on FTO
substrate as the working electrode, a Pt wire as the counter electrode, and a saturated calomel
electrode (Esce = 0.241 V) as the reference electrode. The potential was swept from the open

circuit in the positive direction at a scan rate of 50 mV s for CV scans.

Active Sites Analysis. The ECSAs of all Co(OH): NSs were determined by determining the
double-layer capacitance (Cpr) from CV measurements at different scan rates (0.01 to 0.05 Vs™!)
in the range -0.15 to 0.05 V vs. SCE (0.92 to 1.12 V vs. RHE; in the non-Faradaic region) in 1
M KOH solution. The Cpr was calculated from the slope of the plot of the double-layer charge
current (ipr, mA) vs. the scan rate (v, V s71).[42] The ECSA was calculated using the equation:
ECSA = Cp1/Cs, where Cs is the specific capacitance of the samples. Herein, Cs of 0.040 mF cm 2



was used according to the previously reported value of metal oxide/hydroxide in an alkaline

solution.[43]
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