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Beyond Conventional Carbon Activation: Creating Porosity

without Etching Using Cesium Effect

Jiaxin Li, Yaolin Xu, Pengzhou Li, Antje Vilkel, Fernando Igoa Saldaria, Markus Antonietti,

Nieves Lopez-Salas,* and Mateusz Odziomek*

Facile synthesis of porous carbon with high yield and high specific surface
area (SSA) from low-cost molecular precursors offers promising opportunities
for their industrial applications. However, conventional activation methods
using potassium and sodium hydroxides or carbonates suffer from low yields
(<20%) and poor control over porosity and composition especially when high
SSAs are targeted (>2000 m? g~') because nanopores are typically created by
etching. Herein, a non-etching activation strategy is demonstrated using
cesium salts of low-cost carboxylic acids as the sole precursor in producing
porous carbons with yields of up to 25% and SSAs reaching 3008 m? g='. The
pore size and oxygen content can be adjusted by tuning the synthesis
temperature or changing the molecular precursor. Mechanistic investigation
unravels the non-classical role of cesium as an activating agent. The cesium
compounds that form in situ, including carbonates, oxides, and metallic
cesium, have extremely low work function enabling electron injection into
organic/carbonaceous framework, promoting condensation, and intercalation
of cesium ions into graphitic stacks forming slit pores. The resulting porous
carbons deliver a high capacity of 252 mAh g~ (567 F g~') and durability of
100 000 cycles as cathodes of Zn-ion capacitors, showing their potential for
electrochemical energy storage.

their high specific surface area (SSA), tun-
able porosity and surface chemistry, and
high stability.'"! The synthesis of porous car-
bon through carbonization of organics, fol-
lowed by an activation process, is regarded
as a versatile strategy in both academia and
industry.?) Nonetheless, it remains chal-
lenging to simultaneously achieve high car-
bon yield (>20%), high SSA (>2000 m?
g™1), and controlling pore size and com-
position, when starting from molecular
precursors.’) To access highly porous car-
bon, activation agents such as alkali metal
(K and Na) based hydroxides, carbonates,
and bicarbonates have been extensively em-
ployed and their effects in creating poros-
ity have been well studied.¥! However, ce-
sium (Cs), a heavier member of the alkali
metal group, has been rather omitted in car-
bon research despite its distinct properties
that influence the condensation of organ-
ics and the activation process of carbon.l]
Compared to other alkali metal compounds
(K and Na), Cs compounds have lower
melting points (Table S1, Supporting In-
formation), higher basicity, and stronger

1. Introduction

Porous carbons are essential for diverse applications, especially
for sorption, energy conversion, and energy storage, owing to

interaction with carbon.’] Notably, Cs oxides, especially
suboxides,”] are recognized for their low work function, and find-
ing application as electron injection layers in solar cells to en-
hance power conversion efficiency.®]
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Figure 1. Impact of Cs ions on the synthesis of porous carbons. a) Schematic illustrating the influence of ionic sizes of alkali ions on their association
degree with anions and reactivity. b) Carbon yields and SSAs, and c) N, sorption isotherms at 77 K (inset: pore size distributions) of porous carbons
obtained from Cs,MA, Cs;MA, and K, MA as the precursors. d) Comparison of yields and SSAs of porous carbons derived from Cs, MA and other synthetic
strategies starting from molecular precursors (see citations in Supporting Information). e) Elemental compositions of porous carbons obtained from

Cs,MA, Cs{MA, and K, MA.

Cs salts have also received significant attention as (co)catalysts
in organic synthesis leading to higher yields, lower synthesis tem-
peratures, and exceptional selectivity compared with other alkali
metal salts.l”) The term “cesium effect” has been coined to de-
scribe the role and effectiveness of Cs salts in catalytic processes.
For instance, Cs salts, such as Cs,CO, and cesium acetate, cat-
alyze various reactions like C—H activation, C—C coupling, and
macro-cyclization.[>1%) All these reactions are involved in the ther-
mal condensation of molecular precursors to form carbonaceous
materials. Although the exact mechanisms behind this effect are
not yet fully understood, it is believed that the larger size of Cs
ion than other alkali ions plays a significant role (Figure 1a, Table
S1, Supporting Information). The larger size of Cs ion leads to
weaker association with anions in the reaction medium, enhanc-
ing their reactivity. Further, Cs ions can effectively interact with
oxygen-containing functional groups in organic compounds, pro-
moting the elimination of these functional groups and the forma-
tion of covalent networks.[*!!l For example, Cs ions effectively
catalyze dehydration and decarboxylation accelerating condensa-
tion reactions,!!?l and activate carbonyl groups generating enolate
anions, thus facilitating reactions such as substitution, addition,
or macrocyclization.[>13]

Furthermore, the activation process involving Cs can occur at
notably lower temperatures (2600 °C) than K or Na compounds
(>800 °C), due to lower melting points and decomposition tem-
peratures of Cs compounds. Consequently, Cs oxides and metal
can be generated at much lower temperatures and serve as pow-
erful activating agents. Importantly, metallic Cs interact strongly
with carbons and intercalate into graphitic layers more efficiently
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than K, Na, and Li.l%) We have recently shown that by heating
solely cesium acetate between 500 and 800 °C, Cs ions can ef-
fectively catalyze the condensation of acetate groups, resulting in
porous carbon with an SSA of up to 2936 m? g~! and yield of 10%
at 800 °C.[14]

Building upon this finding, we have extended this method
to other low-cost carboxylic acids, enhancing carbon yields up
to 25% while maintaining a comparable SSA of 3008 m? g~'.
For that, dicesium maleate (Cs,MA) is employed as a model
self-templating precursor, which can be further simplified to
a mixture of commercially available Cs,CO, and maleic acid
(MA). Interestingly, by slightly modifying the carboxylic acid
molecule, the pore size distribution can be effectively tuned
in a narrow range giving access to molecularly designed car-
bons. Detailed analysis of the carbons synthesized at varying
temperatures indicates that the active Cs species (oxides, metal)
form at temperatures over 200 °C lower than other alkali met-
als, profoundly influencing the activation process. Contrary to
the conventional activation process, we did not observe the ox-
idation of carbon atoms and the etching process that leads to
micropore creation. Instead, Cs intercalation has been identi-
fied as the primary driver behind the significant surge in SSA
and pore volume. Due to the reduced temperatures required for
the thermal condensation and activation of carbonaceous net-
works, a significant fraction of oxygen (16.4-13.5 wt%) could
stay integrated into the carbon structures. The resultant car-
bon materials present promise as cathodes for aqueous Zn-ion
and aprotic Na-ion capacitors with exceptional capacity and

stability.

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 1. Compositions and porosities of condensed products obtained at different conditions.

T[°q] Precursor Salt C3) [wt%s) H2) (o} CsP) SSA9 Vi Viteso?) CO, uptake® Yield”) 9]
[wt%e] [wt%e] [wt%] m? g™ [em® g7] [em® g7] [mmol g7']
800 Cs,MA - 92.9 0.6 4.8 0.3 3008 0.84 0.32 - 25
Cs;MA - 88.5 1.1 9.4 0.1 2481 0.70 0.24 - 13
K, MA - 87.7 1.1 11.2 - 1957 0.64 0.17 - 4
450 MA 83.6 3.0 16.4 0.1 891 0.30 0.10 4.0 28
Cs,CO;4
500 85.0 3.7 15.1 0.1 1410 0.50 0.07 6.1 27
600 82.8 1.7 13.5 0.1 1988 0.72 0.05 9.0 26
700 87.1 1.5 11.5 0.1 2351 0.83 0.05 83 24
800 93.9 0.4 4.3 0.1 3066 0.88 0.38 8.1 22
800 Fumaric 92.9 0.5 5.2 0.1 2880 0.82 0.36 6.7 22
acid Cs,CO,
Succinic 87.9 1.0 4.5 0.1 2710 0.67 0.64 5.7 10
acid
Acrylic acid 93.1 0.5 6.4 0.1 2604 0.88 0.12 9.8 18

2 C, H, and O content from the elemental combustion analysis; ) Metal content from the inductively coupled plasma atomic emission spectroscopy. Since the content of C,
H, O, and Cs was measured using different methods, the mass ratio sum of all the above elements may not always equal 100%; 9 5SAs were evaluated in P/P, from 0.05 to

0.25 based on the BET equation;

) The pore size distributions were calculated from the N, adsorption and desorption isotherms at 77 K using the quenched solid density

functional theory method; ° CO, uptake was obtained at 273 K and 100 kPa; ’The carbon yield was determined by comparing the final material mass to either the initial

carbon precursor mass or the mass of the organic species in Cs,MA, Cs;MA, or K, MA.

2. Results and Discussion

2.1. Thermal Condensation of MA versus Cs,MA and K,MA

MA serves as a model molecular precursor as it is easily ob-
tained from biomass at a low cost.") With four sp? carbon
atoms and a C=C bond, MA can support the formation of
polymeric and, subsequently, carbonaceous networks. However,
direct pyrolysis of MA at atmospheric pressure did not yield
any material, as MA sublimated, evaporated, or decomposed
to gaseous products around 137 °C (Figure S1, Supporting
Information).'! In contrast, the dicesium salt of MA, denoted as
Cs,MA (CsOOC—CH=CH—COOCs), yields porous carbon with
a yield of 25% and an SSA of 3008 m? g~! upon condensation
at 800 °C (Figure 1b,c and Table 1), surpassing other methods
as depicted in Figure 1d and listed in Table S2, Supporting Infor-
mation. Simultaneously achieving high yield and large SSA from
molecular precursors is rare, primarily because nanopores typi-
cally form at the expense of carbon atoms in conventional activa-
tion processes based on etching.3*'’l For comparison, the use of
amonosalt precursor (HOOC—CH=CH—COOCs, Cs;MA) leads
to a yield of 13% and an SSA of 2481 m? g~!, while the dipotas-
sium salt (K,MA) only gives a 4% yield and an SSA of 1957 m?
g~!. The Cs,MA-derived sample contains 92.9 wt% carbon and
4.8 wt% oxygen while it is 87.7 wt% carbon and 11.2 wt% oxy-
gen for the one derived from K,MA (KOOC—CH=CH—COOK)
(Figure 1e). The significant differences between Cs and K salts
emphasize the impact of Cs on framework formation and pore
development.

Nevertheless, cesium maleate is not a commercial product and
needs to be synthesized. To further simplify the process for non-
chemists, we harness the acidic properties of carboxylic acids.
MA is a stronger acid (pKal of 1.9 and pKa2 of 6.1) than carbonic
acid (pKal of 6.8 and pKa2 of 9.9) (Table S3, Supporting Informa-
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tion). Mixing MA with Cs,CO, leads to a typical exchange reac-
tion between a stronger acid and the salt of a weaker acid, form-
ing the salt of a strong acid (Cs,MA) and a weak acid (H,CO,).
This reaction occurs at 100-200 °C (to be discussed later), and
the formed H,CO; immediately decomposes into H,0 and CO,
leaving the reaction. Therefore, in a subsequent study, MA and
Cs,CO, were mixed in a mass ratio of 1:10 (equivalent to a molar
ratio of 1:3.6 ensuring complete conversion of MA), heated be-
tween 450 and 800 °C, washed and dried to obtain the resulting
products (see detailed experimental procedures in the Support-
ing Information). The products were labeled as MC-T, where T
denotes the condensation temperature.

2.2. The Structure and Microstructure of Cs,MA-Derived Carbons

The resulting carbonaceous materials were obtained with no-
tably higher yields (28-22%) compared to the previously reported
porous carbons obtained from molecular precursors (Figure 2a
and Table S2, Supporting Information). Scanning electron mi-
croscopic images show smooth scaffolds with 1-5 pm cavities,
presumably occupied by excessive Cs,CO; before decomposi-
tion/washing (Figure S2, Supporting Information). Elemental
combustion analyses revealed a significant decrease in oxygen
content from 16.4 to 4.3 wt% and hydrogen from 3.0 to 0.4 wt%
between MC450 and MC800 (Figure 2a and Table 1), which aligns
well with the reduction in the reaction yield. The products ob-
tained between 450 and 600 °C reveal a high oxygen content of
16.4-13.5 wt%. The amount of Cs is below 0.1 wt% for all prod-
ucts according to the results of inductively coupled plasma atomic
emission measurements. The Fourier-transformed infrared (FT-
IR) spectrum of MC450 (Figure 2b) displays signals correspond-
ing to C=0 at 1690 cm™!, C=C at 1560 cm™, and a broad band
spanning 1300-950 cm™! ascribed to C—O groups, pointing at the

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Structural properties of the porous carbons obtained from MA and Cs,CO; between 450 and 800 °C. a) Elemental compositions and carbon
yields, b) FT-IR spectra, ) N, sorption isotherms at 77 K, d) pore size distributions and cumulative pore volumes calculated from N, sorption isotherms,
e) micropore size distributions calculated from the Ar sorption isotherms at 87 K, f) XRD patterns, and g) TEM and high-resolution TEM images.

formation of a carbon-oxygen framework. Importantly, the spec-
trum of MC450 is flat between 3300 and 2700 cm™!, the region
related to C—H and O—H bonds. This implies a highly conju-
gated character of the carbon framework, which is unusual for a
temperature as low as 450 °C. At higher temperatures, the inten-
sity of the bands between 1700 and 900 cm™' gradually weakens
and eventually disappears at 800 °C, as a result of proceeding car-
bon condensation with simultaneous removal of heteroatoms.
N, sorption measurements were performed at 77 K to investi-
gate the pore structure of the carbonaceous products (Figure 2c).
The samples feature Type I(b) isotherms with a strong N, uptake
at low relative pressures (P/P, < 0.1), typical for micropores, and
aplateau above P/ P, = 0.2.181 The calculated Brunauer-Emmett—
Teller (BET) SSA and micropore volume of samples between 450
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and 800 °C increases from 891 to 3066 m? g~! and from 0.30
to 0.88 cm? g1, respectively. The pore size distributions are de-
picted in Figure 2d and summarized in Table 1. While the sam-
ples between 450 and 700 °C show almost only microporosity
(pore width < 2 nm), MCB800 contains a second population of
pores with sizes at 2-4 nm. Argon (Ar) sorption measurements
at 87 Kwith high resolution at low partial pressures (P/P, ~ 107%)
were conducted to assess the micropore size distributions of the
products (Figure S3, Supporting Information). Between 450 and
700 °C, the products exhibit an increase in ultramicropores (pore
width < 0.8 nm) (Figure 3e). At 800 °C, the ultramicropore vol-
ume decreases, and the volume of larger micropores (pore width
> 1 nm) increases, possibly due to ultramicropore merging or
expansion.
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Figure 3. Synthetic mechanism analyses of Cs-mediated porous carbons. a) TGA-MS curves under helium and b) in situ XRD patterns of the 1:1 mass
ratio mixture of MA and Cs,CO; under N,. XRD patterns of Cs,CO3; and MA were provided for reference. Cs,COj; readily absorbs moisture from the air

and instantly converts it into its hydrate when exposed to the air.

Besides, the samples show an increase in CO, uptake at 273
K from 450 to 600 °C reaching 9.0 mmol g=! of CO, adsorbed
(Figure S4, Supporting Information). At higher temperatures,
the CO, uptake slightly decreases to 8.1 mmol g~ for MC800
(all data are summarized in Table 1). These values are com-
petitive to the state-of-the-art CO, adsorbents,'?! highlighting
the potential of Cs-mediated porous carbons in CO, adsorp-
tion or further catalytic conversion.””! Such high uptakes orig-
inate primarily from very high micropore volumes, especially
ultramicropores (pore width < 0.8 nm) which favor strong in-
teractions between CO, molecules and two neighboring pore
walls.2!l Besides, the electron-rich oxygen sites can interact
with electron-deficient carbon atoms in CO, molecules, promot-
ing CO, adsorption by Lewis acid-base interaction.??] There-
fore, MC600 shows the highest CO, uptake, due to its high-
est ultramicropore volume and maintained high oxygen content
of 13.5 wt%.

The evolution of the structure as a function of condensation
temperature was studied by X-ray diffraction (XRD), Raman spec-
troscopy, and high-resolution transmission electron microscopy
(HR-TEM). The XRD patterns, depicted in Figure 2f, present
broad and low-intensity (002) diffraction peaks, typical for tur-
bostratic carbonaceous structures. The (002) peak of MC450 is
centered at 22.1°, and for MC600 it slightly shifts to a higher angle
0f22.5° and returns to a lower angle (21.1°) for MC800. This indi-
cates that the structure becomes first more compact to open back
again at 800 °C. The large intensity increase of low-angle scatter-
ing (below 10°) for samples treated at 700 and 800 °C is charac-
teristic of microporous materials with high SSAs.[?*) The Raman
spectra exhibit two broad bands typically denoted as D (breathing
mode of sp2 carbon atoms in aromatic rings at defect sites) and G
bands (C=C bonds) (Figure S5, Supporting Information). While
there is no clear difference in the shape or intensity of D and
G bands, the D band significantly shifts to lower wavenumbers
from 1346 cm™! for MC450 to 1330 cm™! for MC600, followed by
a shift back to 1348 cm™! for MC800. Schuepfer et al. showed that
the position of D band is a good indicator of the lateral size of con-
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jugated domains in disordered carbons.[?*] This trend aligns with

XRD findings that MC600 has the most compact and ordered
structure. TEM images of MC600 and MC800 reveal macroscop-
ically homogeneous layers (Figure 2g), corresponding to the cav-
ity walls observed in the scanning electron microscopy images
(Figure S2, Supporting Information). The HR-TEM of MC600 re-
veals a combination of disordered sp2 carbon fringes and short
but locally organized stacked graphitic layers that take random
orientations to each other. The interlayer spacing is measured be-
tween 0.37 and 0.41 nm, in agreement with that calculated value
from XRD analysis (0.39 nm). HR-TEM image of MC800 shows
a more disordered structure with less pronounced local stacking,
consistent with the XRD and Raman analysis.

2.3. Thermal Transformation of Cs,MA and Cs,CO,

To get further insights into the mechanism of the process and
the structural rearrangements occurring, the thermogravimetric
analysis coupled with mass spectroscopy (TGA-MS) and in situ
XRD were performed. MA: Cs,CO; mixtures of 1:1 (Figure 3a,b)
and 1:10 (Figures S6 and S7, Supporting Information) mass ra-
tios were used to decouple the signals from in situ formed Cs
maleate and bulk Cs,CO;. The TGA-MS curves of a 1:1 mixture
(Figure 3a) show a mass loss of 44% between 115 and 150 °C,
accompanied by the release of CO,, CO, H,0, and H,. This is
the overlapping decomposition of carbonic acid and the sublima-
tion/decomposition of MA excess. Further mass loss at 230 °C
with the generation of CO,, H,0, and H, indicates the onset of
the decomposition of cesium maleate and condensation of organ-
ics, which continues up to 400 °C. At this stage, the evolution of
CO, and H, occurs as a result of condensation and aromatization
reactions. Notably, the most severe aromatization starts at about
570 °C and continues to about 785 °C with strong H, evolution. It
is important to note that the mass loss from the carbon network
at this temperature range is minimal, as indicated by the TGA,
differential thermal gravimetry curve, and the calculated yields.
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The role of Cs on condensation and activation
a Cs species promote the formation of carbonaceous framework
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At around 700 °C, the strong mass loss is related to the evapora-
tion of Cs species as discussed further in the manuscript.

A similar TGA-MS pattern is observed for the 1:10 mixture
(Figure S6, Supporting Information). However, the peaks corre-
sponding to the evolution of carbon species are hidden due to the
large excess of Cs,CO;. The onset of the most intense mass loss
(about 77% in total) is at about 530 °C, which corresponds to the
beginning of Cs,CO, decomposition to Cs,O and CO,. Theoreti-
cally, the released CO, should only account for 13.5% of the mass
of Cs,CO;, much lower than the real mass loss, which suggests
that the in situ generated Cs, O is not stable at this temperature.
Cs, 0O has been reported to undergo complex disproportionation
reactions generating Cs,0,, CsO,, and Cs metal.[?>] Therefore,
the sharp mass loss is attributed to the evaporation of Cs oxides
and metal (boiling point: 671 °C) within the helium flow. The
notable difference in the temperature onset of mass loss for Cs
species evaporation between 1:1 (2670 °C) and 1:10 (=530 °C)
ratio samples suggests that Cs,MA might not decompose into
carbonate but into other Cs species like Cs oxides, suboxides,
and metal. These formed Cs species could potentially be stabi-
lized within the carbon networks, as intercalated compounds, es-
pecially given these related Cs species have much lower boiling
points.

In situ XRD patterns of the 1:1 mixture reveal the formation
of Cs maleates at 200 °C (Figure 3b and Figure S8, Supporting
Information) with the disappearance of peaks related to MA and
Cs,CO;. The decomposition of Cs maleate at 300 °C is signaled
by the disappearance of the diffraction peaks. In the meantime,
no crystalline phase of Cs is formed which might indicate the
formed poorly crystalline phases are homogenously distributed
within the formed carbonaceous network. There is a possibility
that the formed oxide or metallic phase is molten as these are
low melting point phases. Notably, no XRD peak is observed from
400 to 800 °C. The broad hump at around 18° is to be attributed to
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the Kapton window of the high-temperature chamber (Figure S9,
Supporting Information). During the cooling stage, several new
peaks appear below 600 °C owing to the recrystallization of Cs
oxides or carbonates. However, we could not unambiguously as-
sign them due to the rich structural complexity of Cs oxides and
carbonates. In the case of the in situ XRD experiment with a 1:10
mixture (Figure S7, Supporting Information), we can follow the
transformation of bulk Cs,CO; as its scattering cross-section is
orders of magnitude higher than that of carbon. The peaks from
crystalline Cs,CO; remain visible up to 700 °C, with a slight shift
to lower angles due to the thermal expansion of the unit cell at
high temperatures. At 800 °C, no peak is observed due to Cs,CO,
melting and decomposition. Similar to the 1:1 mixture, the ap-
pearance of new peaks during cooling below 500 °C is attributed
to the recrystallization of Cs oxides or residual carbonates during
cooling.

2.4. The Effect of Cs on Condensation and Activation

Based on the analysis above, we can summarize the effect of Cs
on the formation of a porous carbonaceous framework. Initially,
around 130 °C, MA melts and reacts with Cs,CO;, forming ce-
sium maleates (Figure 4a). As the temperature rises above 200
°C, cesium maleates undergo complex polymerization, decom-
position, cyclization, cross-linking, and concomitant aromatiza-
tion reactions, which leads to the formation of a continuous oxo-
carbon framework at temperatures as low as 400 °C. In the begin-
ning, the oligomeric species of poly(cesium maleate) form due
to the presence of a double bond within the MA molecule, which
is confirmed by the matrix-assisted laser desorption/ionization
time of flight analysis (Figure S10, Supporting Information). No-
tably, at 400 °C, the carbon framework is already highly conju-
gated as FT-IR analysis did not detect C—H and O—H groups.
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This supports the catalytic effect of Cs ions on condensation, es-
pecially given that using K, Na, and Li does not yield the same
effect (Figures S11 and S12, Supporting Information).

Grasping the exact fate of Cs is difficult because Cs oxides and
metal are highly reactive and have low melting points. During
the condensation/crosslinking of the carbon network, Cs are ho-
mogeneously distributed as counter ions to oxygen functionali-
ties and successively transformed into a mixture of poorly crys-
tallized oxides, as typically happens to carboxylic salts.!?®] Cs ox-
ides are chemically not well-defined and undergo complex dis-
proportionation reactions forming suboxides (e.g., Cs,O, Cs,O,
Cs,0, and Cs,0,)?>¥] and even metallic Cs.1?®] It is worth not-
ing that such basic oxides easily capture CO,-forming carbonates.
All these Cs species are efficient electron-injection agents,?’!
for instance, used in organic electronic devices due to their low
work function.®! In fact, it has been shown that oxidized Cs
clusters have one of the lowest work function, especially for Cs
suboxides.[*! The layers of Cs oxides are deposited on different
materials to decrease their work function.”] Therefore, we specu-
late that, at elevated temperatures, Cs oxides are able to act as elec-
tron donors triggering faster polymerization, condensation reac-
tions, and the aromatization of covalent networks. Meantime, the
in situ formed clusters of Cs species serve as templates for creat-
ing the initial porosity.

Up to 600 °C, the carbon structure experiences further decom-
position of oxygen functionalities and undergoes aromatization
reactions, which include H, evolution. This process results in the
formation of new pores (templated by Cs species) and graphitic
domains, as evidenced by HR-TEM and XRD analyses. Beyond
600 °C, we observe a notable transformation: the graphitic do-
mains diminish, and there is a shift in pore size distribution, with
an increase in pores larger than 1 nm at the expense of smaller
pores (pore width < 1 nm). We attribute this transformation to
an intercalation mechanism.

As the temperature rises, Cs oxides/carbonates become more
prone to form metallic species or suboxides. These Cs species
have a remarkably high affinity for carbon, readily forming in-
tercalation compounds such as CsCg and CsC,. Notably, the for-
mation energy of Cs intercalation compounds is significantly
lower compared to other alkali metals, as documented in the
literature.[3!] These Cs species are capable of electron dona-
tion, inducing a negative charge on the carbonaceous layers and
thereby causing repulsion between these layers. This effect in-
creases the interlayer distance, facilitating the diffusion of Cs
cations, which are sizably akin to the spacing in graphitic struc-
tures, as shown in Figure 4b. Additionally, it is plausible that sim-
ilar intercalation compounds may form through the interaction
of Cs oxides with carbon.

Furthermore, at temperatures exceeding 500-600 °C, there
is a significant decomposition of carbonates into CO, and
chemically undefined Cs oxides and suboxides,”] which sub-
sequently disproportionate into metallic Cs.[?®®) This process
is corroborated by the pronounced mass loss of 77% ob-
served in the TGA of a 1:10 mixture (attributed to evapora-
tion of metallic Cs), as presented in Figure S6, Supporting
Information.

The interlayer distances reported for Cs graphitic intercalation
compounds typically range from 0.59 to 0.61 nm,3?] which are
significantly larger than the interlayer spacing in MC600 (0.37—
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0.41 nm) determined by HR-TEM and the smallest fraction of ul-
tramicropores (=~ 0.46 nm) identified by Argon sorption. At 800
°C, the emergence of larger pores (pore width > 1 nm) at the
expense of the smallest ones might serve as additional evidence
of Cs intercalation. Besides, this micropore expansion could also
be a result of the merging of the smallest pores, potentially occur-
ring during the release of gases like CO or CO,, especially con-
sidering the high oxygen loss from 11.5 wt% to 4.3 wt% between
700 and 800 °C.

This electron injection and ion intercalation mechanism gain
support from the discovery that Cs intercalation graphitic com-
pounds exhibit much higher electron density and in-plane electri-
cal conductivity compared with pristine graphite.[**] Inspiringly,
Zhu et al. recent study reveals that a-Li;N significantly lowers
the phase change temperature of graphite to 350 °C due to elec-
tron injection from a-Li;N into graphite.>*] This electron injec-
tion expands the interlayer spacing of graphite through increased
Columbic repulsion among r electrons within graphitic layers.
Similar effects on promoting graphite phase transition were also
observed with alkali metals like Li, Na, and K. These observed ef-
fects are primarily related to the low work function of Li;N, Li,
Na, and K.[**] Interestingly, Cs species possess even lower work
function,3®! further supporting our proposal on electron injec-
tion and ion intercalation.

The alkali metal intercalation mechanism has been already
described for K. In the case of K, the presence of metallic K is
postulated to occur by carbothermal reduction, that is, it is cou-
pled to C=0 and CO, formation while the metallic K evaporates
at temperatures above 800 °C.1*”] In comparison, in the case of
Cs, the process starts much earlier because the decomposition
of Cs,CO;, forming Cs oxides and metal, occurs at a tempera-
ture over 200 °C lower than that required for K (Figure S13, Sup-
porting Information).?®] At the same time, the formation of Cs
suboxides may greatly facilitate electron transfer as well as the
ion intercalation process. Besides, Cs atoms, being much bigger
than K atoms, bring larger distortion into the carbon networks,
leading to higher SSAs. This is exactly what we observed in the
samples prepared between 600 and 800 °C (Figures S14 and S15,
Table S4, Supporting Information).

Importantly, the conventional activation process is inherently
linked with chemical etching, that is, the liberated gaseous car-
bon oxides take away significant amounts of carbon atoms. How-
ever, in our study, the reaction yields at temperatures of 450 and
800 °C are found to be 28% and 22%, respectively, with oxygen
content measured at 16.4 wt% and 4.3 wt%. This suggests that the
mass loss from 28% to 22% can be mainly attributed to the libera-
tion of CO, and CO from the established carbonaceous networks.
This phenomenon is consistent with the thermal decomposition
of oxygen-containing groups in carbonaceous materials®! and
occurs irrespective of the presence of activating or templating
agents. To further prove that, MC450 was reheated at 800 °C in
an N, atmosphere. The treatment yielded carbon with 70% of the
initial mass, resulting in an overall yield of 20% (similar to or a
bit lower than MC800). The SSA increases only to 1397 m? g~! af-
ter thermal treatment, much lower than that of MC800 (3066 m?
g™!) (Figure S16, Supporting Information). This shows that Cs
activation affects the porosity but not the yield. Consequently, it
can be inferred from the present study that Cs species do not en-
gage in the conventional chemical etching of carbon structures,
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Figure 5. a) Carbon yields, SSAs, and b) N, sorption isotherms at 77 K of porous carbons obtained from MA, fumaric acid, succinic acid, or acrylic acid
as molecular precursors with Cs,CO; at 800 °C. Inset: pore size distributions.

as is commonly observed with traditional activating agents such
as KOH, NaOH, CO,, or steam.['"]

2.5. Molecular Design of Porous Carbons

Molecular engineering has a major impact on the yields and the
structural properties of the materials obtained through bottom-
up synthesis. To show that, we compared the yields, chemical
compositions, and the pore structures of products obtained from
thermal condensation of fumaric acid, succinic acid, and acrylic
acid in the presence of Cs,CO; at 800 °C (Table 1). Despite fu-
maric acid having a higher melting point and weaker acidity than
MA (Table S3, Supporting Information), the final carbon exhibits
almost identical yield and porosity to MC800 (Figure 5a,b). This
is most likely influenced by ongoing isomerization reactions dur-
ing the process, effectively generating the same active species as
with MA. When the double bond is replaced by a single bond, as
seen in succinic acid, the yield is much lower (10%), even though
the number of carbon atoms in the molecule remains the same.
At the same time, the SSA remains high (2710 m? g™') but the
pores are, on average, 1 nm larger, and thus a higher contribution
of mesopores is observed. Subtracting one —COOH, like in the
case of acrylic acid, also leads to a lower yield (18%) while main-
taining a high SSA (2604 m? g=!), but with a much lower con-
tribution of mesopores. It appears that minor structural changes
in the molecule can significantly alter the reaction pathway and
thereby the yield, and more importantly the porosity of the sam-
ples. Notably, the selection of acid-cesium salt is equally or even
more important. For instance, pyrolysis of MA and CsCl mixture
results in a much lower yield (12%) and lower SSA (1019 m? g™')
(Figure S17, Supporting Information). This highlights the impor-
tance of in situ formation of Cs oxides, which play a crucial role
in facilitating the condensation and activation processes.

2.6. Electrochemical Applications of Porous Carbons

To showcase the potential applications of Cs-mediated porous
carbons, we fabricated aqueous Zn-ion capacitors, using MC800
with its higher SSA of 3066 m? g=! (Figure S18, Supporting
Information) and MC600 with its higher oxygen content (13.5
wt%) and better hydrophilicity (Figure S19, Supporting Informa-
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tion) as porous cathodes. We also analyzed commercial active car-
bon YP-50F as a reference material for comparison. The cyclic
voltammetry analysis of MC600 exhibits a nearly rectangular
shape with bumps at 10 mV s! and well retained at 200 mV s™!
(Figures 6a, S20, Supporting Information). Despite its lower SSA,
MC600 shows a larger cyclic voltammetry area than MC800, sug-
gesting its higher capacitance, possibly attributed to its enhanced
hydrophilicity and higher functional oxygen content. In galvano-
static charge/discharge measurements, MC600 also presents a
higher specific capacity (capacitance) of 252 mAh g=! (equiva-
lent to 567 F g~!) than MC800 (157 mAh g, 356 F g~!). Both
are however by far superior to the commercial gold standard YP-
50F (60 mAh g1, 135 F g~!) (Figure 6b and Figure S21, Sup-
porting Information). The specific energy at the material level is
very high, 204.8 Wh kg1, that is, it can easily compete with stan-
dard faradaic battery cathodes. Even at a high power rate of 10
A g1, MC600 still delivers a capacity of 64 mAh g=! (144 F g71),
corresponding to a specific energy of 51.2 Wh kg™'. Importantly,
MC800 exhibits excellent cycling stability with nearly 100% ca-
pacity retention after 100 000 cycles at 10 A g=! (Figure S22, Sup-
porting Information), exceeding all other state-of-art Zn-ion ca-
pacitors based on heteroatom-doped carbon materials, MXene,
or metal oxides (Figure 6¢ and Table S6, Supporting Informa-
tion). Besides, in aprotic Na-ion capacitors, MC800 and MC600
also exhibit high capacities of 147 and 115 mAh g~! (196 and 153
F g7') and good cycling stability (Figure S23, Supporting Infor-
mation). This performance is comparable to or even better than
other capacitive materials in organic solvents (Table S7, Support-
ing Information), underlining the large potential of our porous
carbons as cathodes in aqueous and non-aqueous energy storage
devices.

3. Conclusion

In conclusion, we present a straightforward and scalable strategy
for synthesizing porous carbons with both high yields (>20%)
and high SSAs (>3000 m? g~!) through direct thermal treatment
of Cs salts of simple and cheap carboxylic acids. We have un-
raveled the reaction pathways and provided new mechanistic in-
sights into the “Cs effect” throughout the framework formation
and pore development of carbon. The role of Cs species varies at
different stages. First, they efficiently promote the condensation
of organics by accelerating dehydration; after Cs reduction, they
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Figure 6. Electrochemical properties of Zn-ion capacitors based on MC800, MC600, or YP-50F as cathodes. a) Cyclic voltammetry curves at 10 mV s,

b) specific capacities and capacitances at different current densities, and
devices from literature (see citations in Supporting Information).

donate electrons to carbonaceous frameworks, and they interca-
late into graphitic layers to form slit nanopores. Cs is practically
completely evaporated at the final stage of synthesis via the gas
phase and could be recycled from the condensation trap. The re-
sulting porous carbons have demonstrated high capacity and cy-
cling stability as cathodes in both aqueous Zn-ion capacitors and
aprotic Na-ion capacitors. The optimal performance of the ma-
terials is already obtained at 600 °C, that is, structure formation
takes place at a much lower temperature than that of commer-
cial activated carbons (>800 °C). The simplicity of materials and
procedures and the easy recovery of Cs salts make the whole pro-
cess industrially feasible and environmentally sustainable. Over-
all, our results offer new insights into the unconventional roles
of Cs in the conventional synthesis of porous carbons.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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