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ARTICLE INFO ABSTRACT

Keywords: One-step KOH activation enables the direct conversion of cellulose-based biomass into activated carbon (AC), yet
Activated carbon reproducible control over pore structure and carbon yield remains challenging. While many studies emphasize
Cellulose

the KOH-to-precursor mass ratio, the water volume used for dissolving a fixed amount of KOH is rarely regarded
as an independent parameter. Here, we demonstrate that the amount of water introduced with the KOH solution
and its spatial distribution within the cellulose precursor after impregnation, either absorbed into the internal
fiber network or retained as excess liquid, govern the thermal transformation pathway and the resulting AC
properties. Using paper sheets with a defined absorption capacity as a model precursor, ACs were prepared at
constant KOH loading (1:1) while systematically varying the added water volume. This approach establishes
distinct initial conditions, ranging from complete solution uptake to excess external solution. Combined thermal
analysis (TGA-MS), ATR-FTIR, XRD, XPS, electron microscopy, No adsorption, and SAXS reveal that exceeding
the precursor's absorption capacity promotes early carbonate formation, enhances alkaline degradation, delays
char formation, reduces carbon yield from ~9% for C35 to ~1% for C20, and strengthens COz-assisted physical
activation, leading to larger pores. In contrast, reduced water addition shifts the pathway toward earlier char-
ring, limits the conversion of hydroxide into carbonate, increases yield, and promotes micropore-dominated
structures. These findings identify water volume at constant KOH loading as a decisive variable in the investi-
gated solution-impregnation system and demonstrate that it should be controlled alongside the activator-to-
precursor mass ratio when targeting reproducible AC properties.

One-step KOH activation
KOH solution impregnation
Water volume

Pore structure control

1. Introduction distribution (PSD) must balance charge storage and ion transport.

Ultramicropores (<0.7 nm) and micropores (<2 nm) provide most of the

Activated carbon (AC) is a porous, electrically conductive carbon
material and its application-relevant properties are largely governed by
pore architecture and surface chemistry [1-3]. Due to its high internal
surface area, tunable porosity, and chemical stability, AC has been
extensively studied for electrochemical energy storage (e.g., super-
capacitors and battery electrodes) [4,5], gas adsorption/storage (e.g.,
CO;, capture, Hy storage) [2,6,7] and water treatment (removal of dyes,
pharmaceuticals, and heavy metals) [3,8]. For supercapacitors, pore size
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surface area for charge storage. However, purely microporous networks
often suffer from transport limitations at high charge rates. Introducing
mesopores (2-50 nm) and macropores (>50 nm) can reduce diffusion
limitations and electrolyte resistance [9,10]. Consequently, the ability to
engineer a targeted hierarchy of micro-/mesoporosity is central to AC
design for fast-charging devices. For gas storage and separation, the
“optimal” porosity shifts toward smaller pores. In physisorption-based
hydrogen storage, ultramicropores dominate uptake at low pressure
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[11,12]. These examples demonstrate that high surface area alone is not
a sufficient design criterion, rather, AC synthesis must be controllable
enough to deliver application-specific PSDs.

Activation methods are typically classified as physical (e.g. CO3 and/
or steam gasification) [13], chemical (impregnation with activating
agents such as KOH, KoCO3, NaOH, or phosphoric acid followed by heat
treatment) [1,14-18], or a combination of both [19]. Among chemical
activators, KOH is widely used because it can generate high specific
surface areas (SSAs) ranging from 1000 to 4000 mz/g and large
micropore volumes [1,14,15]. KOH activation is described by a combi-
nation of (i) redox etching of carbon, (ii) gasification reactions involving
H20/CO/CO2/Hy, and (iii) intercalation of elemental potassium into
carbon lattices, which expands carbon layers and contributes to micro-
pore formation upon its removal [14,20,21].

Producing AC from biomass and biowaste offers a route toward
lower-cost sorbents and electrodes while supporting circular economy
concepts. Numerous precursors, including organic waste materials such
as nut shells, sawdust, spent coffee grounds or brewer's spent grain have
been converted into ACs for water purification and energy-related ap-
plications [2,22,23]. However, biomass-derived ACs often exhibit
batch-to-batch variability [24]. In real feedstocks, precursor properties
can shift with harvesting season, storage history, and processing, which
complicates the reproducible production of a defined pore structure
[25-27]. The precursor microstructure governs the interaction with
chemical activators such as KOH and, consequently, the PSD and SSA of
the AC. Limited accessibility in more crystalline or dense regions leads to
heterogeneous absorption of the KOH solution, thereby affecting the
intensity and uniformity of etching during activation [1].

In contrast to conventional two-step KOH activation, in which the
biomass is first carbonized into a hydrophobic char prior to solution
impregnation, direct impregnation of the biomass followed by conver-
sion to AC in a single thermal treatment enables intimate KOH-precursor
contact at the molecular scale [20,28]. This approach is particularly well
suited to cellulosic precursors, as cellulose contains abundant
oxygen-containing functional groups and a microfibrillar architecture
that promote strong interactions with alkaline solutions and facilitate
efficient uptake of KOH [20,28,29]. Numerous studies have focused on
identifying activation temperature, dwell time, and the KOH to pre-
cursor mass ratio that maximize SSA without excessive burn-off [14,26,
30]. Increasing these parameters generally enhances SSA and pore vol-
ume up to an optimum, beyond which over-etching can cause pore
widening or structural collapse, reducing SSA and yield. Recent studies
on biomass-derived carbons have continued to tailor porosity primarily
through these conventional variables. For example, the KOH-to-biochar
ratio and activation temperature were systematically varied for brewer's
spent grain-derived carbons, with higher KOH loading promoting
additional porosity and higher activation temperatures contributing to
pore widening [31]. Pine-wood-derived carbons were likewise tailored
by varying the KOH loading and the composition of KOH/K5C204 acti-
vation mixtures [7]. A recent waste-paper study used aqueous KOH
impregnation at a fixed KOH-to-paper mass ratio of 1:1, but neither the
applied water volume nor the KOH solution concentration was reported
[32].

Even when KOH loading and thermal conditions are kept constant,
the amount of water used to dissolve KOH can create distinct precursor
states before heat treatment. This parameter is particularly relevant for
solution impregnation, which is widely used for biomass precursors [6,
26,32,33] alongside physical mixing with solid KOH [14,15]. In solution
impregnation, water serves as a transport medium for dissolved KOH
and therefore directly affects its distribution within the precursor,
whereas dry mixing is governed by solid-solid contact, KOH particle
size, and mixing homogeneity. The present study consequently focuses
specifically on solution-based impregnation. Despite its mechanistic
relevance, the applied water volume is rarely reported and has not
generally been isolated from changes in activator loading or other
preparation variables.
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Studies using other chemical activators further indicate that the
impregnation medium can influence activation outcomes. In H3PO4
activation, varying the water-to-HsPOy4 ratio affected phosphorus up-
take, carbon yield, SSA, micropore volume, and PSD [34]. In ZnCl,
activation, aqueous impregnation and dry mixing at identical
activator-to-precursor ratios produced different structural and textural
properties, which was attributed to improved activator penetration and
distribution during solution impregnation [35]. However, the H3PO4
study varied water content together with activator uptake, while the
ZnCl; study compared wet and dry preparation routes without varying
the solvent volume. Neither study therefore isolated solvent volume as
an independent parameter at constant activator mass.

At constant KOH loading, the water volume used to dissolve KOH
determines whether the solution is fully absorbed by the precursor or
remains as excess liquid, thereby influencing the spatial distribution and
effective uptake of KOH within the matrix. Consequently, distinct initial
precursor conditions are created for the early stages of pyrolysis, which
can lead to different thermal conversion pathways and AC structures.
Non-uniform impregnation, for example, can cause localized over-
etching and pore collapse in KOH-rich regions during high-
temperature treatment, while KOH-poor regions remain under-
activated [1]. The water volume also influences drying kinetics and
the time-temperature window in which KOH can undergo side reactions
before the onset of high-temperature activation. Literature reports show
that KOH can convert into less reactive potassium salts already at low
temperatures during drying in air [16,36]. Even in an inert atmosphere,
potassium-containing cellulose releases CO, during the initial stages of
pyrolysis at temperatures below 300 °C [16,37-39], which can further
consume hydroxide. Consequently, at fixed KOH mass, the water volume
can determine how much reactive hydroxide remains available in the
activation-relevant temperature range and how strongly it contributes to
micropore formation.

This work examines how the solution volume, varied through the
amount of water used to dissolve a constant KOH mass, affects cellulose-
to-AC conversion and the resulting PSD, SSA, and yield. To isolate this
variable, the activation temperature, dwell time, and KOH-to-precursor
mass ratio were fixed at 750 °C, 1 h, and 1:1, respectively. The selected
temperature lies within the range commonly investigated for KOH
activation, while using a single defined KOH loading avoids coupling the
solution-volume effect with changes in activator dosage. Paper sheets
were selected because they provide a reproducible cellulose network
with defined mass and structure, making them suitable for systemati-
cally varying liquid uptake under controlled conditions. Our approach
exploits the finite maximum uptake volume of aqueous KOH in paper
sheets of defined mass. The applied water volume therefore determines
whether the solution is fully absorbed by the sheet or whether an
external liquid fraction persists as film or pooled solution in the crucible.
By systematically varying this parameter at constant KOH mass, the
influence of liquid volume can be directly isolated, revealing how it
shapes pyrolytic conversion and thereby governs porosity development
and carbon yield. Elucidating this relationship enhances reproducibility,
enables targeted pore structure design and provides valuable input for
scaling up KOH-based biomass activation processes.

2. Materials and methods
2.1. Materials

Paper precursors were prepared from commercial unbeaten bleached
hardwood pulp provided by Lenzing (Lenzing, Austria). Activation was
performed using KOH solutions of varying concentrations prepared from
KOH pellets (>85%, Merck, Darmstadt, Germany), while 1 M HCI
(Merck, Darmstadt, Germany) was employed for post-carbonization
washing. All chemicals were used as received.



A. Scheer et al.
2.2. Preparation of ACs

Precursor papers with a grammage of 160 g/m? were produced using
a Rapid-Kothen sheet former according to ISO 5269-2, cut into sheets of
similar dimensions, and stored in a climate-controlled room at 23 °C and
50% relative humidity (ISO 187).

The maximum uptake volume of aqueous KOH by the paper sheets
was determined in preliminary tests. In these, each sheet was weighed
and a KOH solution containing a dry KOH mass equal to the sheet mass
(KOH:paper = 1:1, w/w) was prepared while increasing the added water
stepwise. After each step, the solution was applied and complete ab-
sorption (uniform wetting with no external liquid) was assessed visually.
The highest water addition still yielding complete absorption corre-
sponded to 35 w.% KOH. Subsequently, KOH solutions of 20, 25, 30, and
35 w.% were prepared. To maintain a constant KOH-to-paper mass ratio
(1:1, w/w), the required volume for each sheet was calculated as

Mipeer (1)
wWxp

Vo sotution =

where Vkon solution i the applied solution volume, mgheet is the sheet
mass, w is the KOH mass fraction, and p is the solution density. Lower-
concentration solutions therefore require larger volumes, thereby
enabling systematic variation of the water content in the applied KOH
solution across the sample series.

The sheets were impregnated in an Al,O3 crucible using a pipette and
then directly transferred into a tube furnace (TZF 15/610, Carbolite,
Neuhausen, Germany). In the tube furnace, specimens were dried at
120 °Cfor 1 h in a N3 atmosphere (320 mL/min; heating rate 5 °C/min),
then heated to 750 °C and held at this temperature for 1 h. After the
thermal treatment, the ACs were washed with 1 M HCI and distilled
water to neutral pH and dried at 105 °C overnight before storage in
sealed containers. To assess intermediate stages of thermal conversion,
an additional set of samples was removed from the furnace upon
reaching 250 °C, photographed, and subsequently analyzed by XRD and
FTIR.

2.3. Characterization

2.3.1. Thermogravimetric analysis (TGA) with/without coupled mass
spectrometer (TGA-MS)

Thermogravimetric analysis (TGA) was carried out on a Netzsch 449-
F1 Jupiter instrument (Netzsch, Selb, Germany) to study the thermal
behavior of the KOH-impregnated precursors (C20-C35). 20 mg of
specimen was placed in a ceramic crucible and heated from 30 to 750 °C
at 5 °C min~! under a constant nitrogen flow. Isothermal steps of 1 h
were applied at 120 °C and 750 °C to replicate the drying and activation
stages in the tube furnace. For specimens C20 and C35, additional TGA-
MS measurements were performed using a PerkinElmer TGA 8000
(PerkinElmer, Connecticut, USA) thermogravimetric analyzer under
nitrogen atmosphere. The temperature program was identical to that
used for the TGA measurements without MS coupling. Volatile decom-
position products were monitored online using a Shimadzu GCMS-
QP2010 SE single quadrupole mass spectrometer (Shimadzu Europa
GmbH, Duisburg, Germany) operated with electron ionization (EI) at
70 eV.

2.3.2. Attenuated total reflection fourier-transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR spectra of the partially carbonized papers after 250 °C
were recorded using an Agilent Cary 630 spectrometer (Santa Clara, CA,
USA) fitted with a diamond ATR accessory and a spectral resolution of
<2 cm™!. Measurements were carried out in the range of 4000-
650 cm™!, with 64 scans averaged per spectrum. Data processing and
analysis were performed with OriginPro 2020.
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2.3.3. X-ray diffraction (XRD)

X-ray diffraction (XRD) measurements were performed using a
STADI P diffractometer (STOE, Darmstadt, Germany) operated in
transmission geometry. Monochromatic Mo Ka; radiation with a
wavelength of A = 0.70930 A was employed as the X-ray source. The
diffractograms were recorded over a 20 range from 4° to 55°, using a
step size of A20 = 0.015°.

2.3.4. X-ray Photoelectron Spectroscopy (XPS)

Surface chemical analysis was performed using a Nexsa G2 X-ray
Photoelectron Spectroscopy (XPS) system (Thermo Fisher Scientific,
USA). X-ray source: monochromatic Al Ka radiation. Specimens were
analyzed under ultra-high vacuum conditions (<1 X 10~® mbar). To
enhance data reliability, measurements represent the average of two
randomly selected spots (200 pm in diameter). Survey scans were car-
ried out at a pass energy of 100 eV and an energy resolution of 1.0 eV,
whilst high-resolution spectra were recorded at a pass energy of 20 eV
and a resolution of 0.1 eV.

2.3.5. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) of the AC specimens was per-
formed using a TESCAN VEGA3 microscope (TESCAN, Czech Republic)
equipped with a secondary electron detector. The microscope was
operated at an acceleration voltage of 10 kV with a tungsten cathode as
the electron source. AC specimens were examined without additional
coating and mounted on the sample holder using carbon tape. SEM
imaging of the paper precursor was carried out using a Sigma VP mi-
croscope (Carl Zeiss Microscopy, Jena, Germany) operated at an accel-
erating voltage of 0.7 kV with an in-lens detector. Prior to imaging, the
paper precursor was coated with an approximately 3 nm thick iridium
layer using an ACE600 sputter coater (Leica Microsystems, Wetzlar,
Germany). The paper cross-section was obtained by manually sectioning
the sample with a commercially available double edge razor blade
(Wilkinson Sword, Solingen, Germany) and subsequently sputter coated
and imaged under the same conditions as described prior.

2.3.6. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was used to examine the
prepared ACs. For specimen preparation, a 300-mesh copper grid
covered with a lacy carbon support film was briefly immersed in a
suspension of AC in acetone (1:1000, w/w). After evaporation of the
solvent, the grid was placed in the TEM holder. Imaging was performed
using a JEM-2800 microscope (JEOL, Akishima, Tokyo, Japan) operated
at an accelerating voltage of 200 keV, and the images were acquired
with an ORIUS SC200 CCD camera (GATAN, Pleasanton, CA, USA).

2.3.7. Nitrogen adsorption experiments

Nitrogen adsorption measurements were performed at —196 °C
(77 K) on a Quadrasorb SI analyzer (Quantachrome Instruments). Before
analysis, ~25 mg of each specimen was degassed at 150 °C for 24 h
under dynamic vacuum using a FloVac degasser. SSAs were calculated
from the adsorption isotherms using the multi-point Brunauer-Emmett-
Teller (BET) method in the relative pressure range p/po = 0.05-0.3.
Micropore surface areas were obtained with the t-plot method, while
PSDs were derived by applying quenched solid density functional theory
(QSDFT) for slit-shaped and cylindrical pore geometries.

2.3.8. SAXS

Small-angle X-ray scattering (SAXS) data was collected using a
SAXSpoint 2.0 instrument (Anton Paar, Austria). Scattering data was
collected using an Eiger 1 M detector (Dectris, Switzerland) positioned
110 and 572 mm from the sample, using a microfocused, mono-
chromatized X-ray source Cu Ka (A = 0.154 nm). The samples were held
in the beam between two pieces of Scotch Magic tape, and the resulting
data was processed using the DAWN software package, using stan-
dardized data correction procedures [40,41]. The corrected data were fit
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using McSAS3, based on Monte Carlo simulations, to obtain form-free
size distributions, using a spherical model [42].

3. Results and discussion

Before heating, the impregnated specimens displayed distinct wet-
ting characteristics. At constant KOH mass, the higher water volume
used for C20 results in a visible external liquid film, whereas C25 and
C30 take up most of the solution and C35 retains the liquid completely
within the fiber network (Fig. 3a—c, e, g). The first and largest mass-loss
step at approximately 92 °C is therefore assigned to evaporation of free
water (Fig. la-c). Consistent with the solution volumes used for
impregnation, C20 shows the greatest water loss, followed by C25 and
C30, while C35 shows the lowest loss (Fig. 1a-c). To compare mass
changes associated with the cellulose-to-char transformation, the TGA
and DTG curves were normalized at the point where heating resumed
after the 60 min drying plateau (Fig. 1b-d).

MS data were recorded simultaneously with the TGA measurements
for C20 and C35 (Fig. 2). For the well resolved high-temperature event
in Fig. 1 d, the CO2-MS maxima at 564-567 °C (Fig. 2¢ and d) occur
approximately 15-18 °C above the corresponding DTG maximum at
549 °C. Such offsets can partly arise from the finite transfer time of
evolved gases between the sample and the detector, which depends on
the instrument geometry and carrier-gas flow rate [43].

a)
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3.1. KOH distribution after impregnation and drying

When the water volume exceeds the absorption capacity of the
paper, part of the KOH solution cannot be taken up by the internal fiber
network and remains on or near the sheet surface (Fig. 4). Under at-
mospheric impregnation conditions, this surface-associated KOH is more
accessible to CO, and may therefore be partially converted into bicar-
bonate and/or carbonate species before the sample enters the tube
furnace:

KOH + CO2 — KHCO3 (2

2 KOH + CO3 — K2CO3 + H20 3)

This pre-carbonation is expected to be more pronounced in C20 than
in C35 because the larger water volume in C20 exceeds the paper ab-
sorption capacity and leaves a higher fraction of KOH externally avail-
able. After the 120 °C/1 h drying step, the samples therefore differ not
only in the type of K-containing species present but also in their spatial
distribution. In C20, drying of the larger liquid reservoir can promote
outward migration of dissolved K-species with the moving water front,
followed by recrystallization at or near the surface. In C35, the lower
solution volume allows more complete uptake of the KOH solution and
therefore a more intimate distribution of K-species within the cellulose
matrix (Fig. 4).

This difference in KOH distribution is important because potassium-
catalyzed cellulose conversion is contact-dependent [31]. A more
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Fig. 1. TGA analysis of KOH-impregnated paper specimens: (a) total mass loss over the entire experiment and (c) the corresponding DTG curves; (b) normalized mass
loss after the 1 h drying step during subsequent heating to 750 °C and (d) the corresponding DTG curves.
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Fig. 3. Photographs of impregnated paper sheets before thermal treatment (a, c, e, g) and after isothermal drying at 120 °C and subsequent heating to 250 °C (b, d,

f, h).

homogeneous KOH distribution, as expected for C35, can enhance direct
KOH-cellulose interactions and promote early charring. Potassium spe-
cies lower the activation barrier for cellulose degradation, causing
conversion to start at substantially lower temperatures than in untreated
cellulose [37,44,45]. In contrast, C20 is expected to remain in a wet,
alkaline state for longer due to the higher initial water volume and the
larger fraction of hygroscopic K-carbonate species, which can retain
reaction-generated water. As long as water is retained in the K-rich
matrix, alkaline degradation can proceed over a broader temperature
range, while char stabilization is delayed.

3.2. Alkaline degradation below 250 °C

The mass-loss event associated with the DTG peak at around 201 °C
is assigned to alkaline degradation (Fig. 1b-d). During this stage, KOH
can participate in condensed-phase salt-forming reactions and in
volatile-forming fragmentation pathways. First, KOH reacts with hy-
droxyl groups of cellulose or cellulose-derived fragments to form po-
tassium alkoxides, while carboxyl-containing species are neutralized to
potassium carboxylates:



A. Scheer et al.

Carbon 260 (2026) 121941

Effect of water volume on KOH distribution and early-stage

thermal conversion

Low water volume (C35)

After impregnation at RT

KOH solution is fully
absorbed; no external
liquid reservoir forms.

‘ KOH . Inorganic K-salts . Organic K-salts

After1h of drying in N,

Free water evaporates; K migration toward the
surface is limited due to low water volume.

High water volume (C20)

After heating to 250°C

KOH reacts mainly with
cellulose, forming organic
K-salts; inorganic K-salt
formation and H,O

retention are limited.

After impregnation at RT
Excess KOH solution
remains outside the
paper, creating surface-
associated KOH.

enrichment.

After 1 h of drying in N,

Free water evaporates, dissolved K species
migrate toward the surface, causing KOH

After heating to 250°C
KOH reacts with cellulose
and CO,, forming
organic, and inorganic K-
salts that retain reaction-
generated H,O.

. KOH . Inorganic K-salts . Organic K-salts

Fig. 4. Proposed influence of water volume on KOH distribution, carbonation, and the early-stage thermal conversion of KOH-impregnated paper specimens.
Inorganic K-salts include KHCO3 and K>CO3, whereas organic K-salts comprise potassium alkoxides and carboxylates.

R-OH + KOH — R-OK" + H,0 4)
R-COOH + KOH — R-COOK' + H;0 (5)

These reactions generate reaction water and retain potassium in the
condensed phase as organic K-salts. In reaction (5), R-COOH may
represent pre-existing oxidized groups or carboxyl-containing products
formed during alkaline degradation of cellulose.

In parallel, alkaline ring opening and isomerization of cellulose-
derived glucose fragments can produce fructose/enediol-type in-
termediates. These intermediates can undergo retro-aldol cleavage at
the C3-C4 bond to form C3 hydroxycarbonyl intermediates such as

glyceraldehyde and dihydroxyacetone [46,47]:

open-chain Cg sugar fragment - HOCH,—CHOH-CHO +
HOCH,-CO-CH2,0H (6)

Glyceraldehyde is therefore considered an intermediate formed
during alkaline cellulose degradation rather than a stable final product
[46,47]. It can dehydrate to pyruvaldehyde [46,48]:

HOCH2-CHOH-CHO — CH3COCHO + H20 )

Pyruvaldehyde is reported as a key intermediate that can decompose
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to formic acid and acetaldehyde. In the present KOH-rich system, formic
acid would be immediately converted to potassium formate [46]:

CH3COCHO + KOH — CH3CHO + HCOOK 8

The CO,-MS curves of C35 and C20 show an overall decrease in CO4
release with increasing temperature (Fig. 2c¢ and d). This trend is
interpreted as the result of overlapping CO- release and CO; fixation
processes. On the release side, preformed KHCO3 generated during at-
mospheric impregnation can decompose upon heating to form K,CO3
while releasing CO5 and H3O:

2 KHCO3 — K»CO3 + CO, + H2O 9

The small positive CO, feature observed for C20 at around 233 °C
suggests that CO; release from bicarbonate decomposition briefly ex-
ceeds the CO»-fixation capacity of the sample in this temperature range
(Fig. 2 d). This feature is not discernible for C35, most likely because less
surface-associated KOH is available during impregnation and drying, so
less KHCOg3 is expected to form (Fig. 4). Any CO; released in C35 may
therefore be too small to resolve or may be immediately recaptured by
KOH- or K-containing sites (Fig. 2 c).

On the fixation side, CO; can be consumed by unreacted KOH and by
reactive organic K-species. Direct carbonation of KOH forms KoCO3 and
HzOZ

2 KOH + COz — K2CO3 + H0 10$)

Potassium alkoxides formed according to reaction (4) may provide
additional COs-fixation sites. This can be represented schematically by
the formation of carbonate-type potassium intermediates, consistent
with reported cellulose-CO reactions forming ionic cellulose carbonate
species [49]:

R-OK' + COy —» R-OCOzK* an

Both fixation pathways incorporate CO5 into condensed K-contain-
ing species and can therefore contribute to the decreasing CO,-MS signal
(Fig. 2c and d). They may also explain the slight mass gain observed in
the TGA/DTG curves at around 211/210 °C because CO is incorporated
into solid K-carbonate species (Fig. 1b-d). The more pronounced mass
gain in C20 can be explained by stronger surface enrichment of KOH,
caused by the solution volume exceeding the paper's absorption capac-
ity, which increases the availability of K-containing sites for COy
fixation.

The Hp0-MS signal also decreases overall in both samples and re-
flects the balance between reaction-water formation, water release into
the gas phase, and water retention by hygroscopic K-containing species
(Fig. 2a and b). The decreasing H,O signal suggests that a considerable
fraction of newly formed water is retained within the K-rich matrix,
particularly by KoCO3 and related carbonate species. The transient de-
viation from this trend, with a peak around 225 °C, indicates that water
release temporarily exceeds the retention capacity of the sample (Fig. 2a
and b). This HyO increase can arise from KHCO3 decomposition, direct
carbonation of unreacted KOH to Ko;COs, and KOH-cellulose reactions
forming organic K-salts. After this event, the H,O signal decreases again,
indicating depletion of the available water-generating sources and/or
renewed retention of water by newly formed K-carbonate species.

The different shapes of the H>O shoulders further support the pro-
posed difference in K-species distribution (Fig. 2a and b). In C20, the
deviation from the decreasing signal starts earlier and extends over a
broader temperature range, indicating gradual water release from a
heterogeneous, surface-enriched K environment (Fig. 2 b). This is
consistent with enhanced CO, fixation, increased potassium carbonate
formation, and stronger water retention. In C35, the deviation occurs
later and appears more pronounced, suggesting a more localized release
event that is consistent with fewer carbonate-rich surface domains and
more confined KOH-cellulose interactions within the paper structure
(Fig. 2 a).
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3.3. Organic fragments below 250 °C

The water-volume-dependent differences in alkaline degradation
below 250 °C become even clearer when the MS release patterns of
organic fragments are considered (Fig. 2e—j). The signals at m/z = 27,
15, and 42 have been assigned in the literature to C,H3, CH3, and
CH,CO™, respectively [50]. All three ions can originate from acetalde-
hyde formed during secondary alkaline degradation. Acetaldehyde is
expected to fragment in the EI source of the MS at 70 eV according to
several pathways, including [50]:

CH3CHO — C,H3 + OH 12)
CH5CHO — CH3 + HCO 13)
CH3CHO — CH,CO™ + Hy a4

The most characteristic acetaldehyde fragment would be CHO™ at m/
z = 29. However, m/z = 29 cannot be used here as an independent
acetaldehyde marker because nitrogen also contributes at this mass
through naturally occurring nitrogen isotopologues [51]. In the present
measurements, the continuously supplied Ny carrier gas produced a
strong background in this mass region, preventing an unambiguous
assignment to CHO™. Therefore, m/z = 29 was not used for product
assignment or interpretation and is not shown.

C,H{ exhibits a pronounced maximum at 171 °C in C20, followed by
a continuous decrease with increasing temperature (Fig. 2 ). In the same
temperature region, CHf and CH>CO * are also detected (Fig. 2h—j),
although their profiles do not scale directly with CoH3. This indicates
that the three signals cannot be interpreted as a simple one-to-one
fingerprint of a single volatile precursor. Differences in ion formation
and detection for the individual m/z channels or overlapping contribu-
tions from several low-molecular-weight volatiles may contribute to the
observed pattern. Independent of the exact origin, the much stronger
CoH{ signal together with the slightly stronger CH3 signal demonstrates
that C20 releases more low-molecular-weight organic fragments in this
temperature region than C35 (Fig. 2e-h). This provides further evidence
that alkaline degradation is more pronounced in C20 as a consequence
of the larger water volume used for impregnation.

The visual appearance of the samples after heating to 250 °C further
supports the proposed differences in early-stage conversion. C35 is
already fully black, whereas C30, C25, and particularly C20 exhibit
progressively lower degrees of carbonization. The C20 surface remains
brown, while shrinkage increases systematically from C20 to C35
(Fig. 3b-d, f, h). This behavior is consistent with prolonged alkaline
degradation and delayed char formation in C20.

3.4. Formation of a carbon-rich and aromatic char structure above
250 °C

C20 enters this temperature stage with a more hydrated, carbonate-
rich, and less carbonized structure because the larger initial water vol-
ume prolongs wet alkaline degradation. In contrast, C35 has already
undergone more extensive drying and earlier char formation. As heating
proceeds, the K-rich condensed phase becomes progressively less hy-
drated because water-generating reactions are depleted and released
water is continuously removed. The decreasing mobility of the alkaline
phase slows further alkaline degradation and favors condensation,
dehydration, and crosslinking of cellulose-derived products retained in
the solid phase. Consequently, the transition from an oxygen-rich brown
intermediate to a more aromatic black char occurs earlier in C35 and is
delayed in C20 (Fig. 3b—d, f, h).

The subsequent DTG peak at 340 °C, with an onset at approximately
260 °C, is assigned to further transformation of the already formed char
(Fig. 1b-d). At this stage, the char still contains residual oxygen-
containing groups formed during the initial reactions between the pre-
cursor and KOH. These groups can undergo dehydration,
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decarboxylation, deoxygenation, and condensation reactions, removing
oxygen from the condensed phase mainly as HyO, CO3, and CO and
producing a more carbon-rich and aromatic char structure. In parallel,
residual KOH can dehydrate to K20, a transformation reported to begin
around 300 °C when excess KOH is present [31,39]. As the temperature
approaches the melting point of KOH at 360 °C, a mobile KOH-rich ionic
phase can form. This phase may also contain potassium oxide and other
potassium species, facilitating contact with the evolving char. Evolving
gases may become partially retained within the melt, promoting inter-
conversion among KOH, K,0, and K>COs3 [16].

The MS signals provide further insight into the progression of char
maturation (Fig. 2a-d). For C35, the H2O signal increases steadily after
approximately 260 °C and continues to rise until the end of carboniza-
tion (Fig. 2 a). In contrast, the H,O signal of C20 remains nearly constant
over the same temperature range (Fig. 2 b). This suggests that part of the
generated water is retained within the K-rich melt. The prolonged water
retention in C20 maintains a more hydrated alkaline environment for a
longer time and slows charring, explaining why C20 carbonizes more
slowly than samples impregnated with lower KOH solution volumes.
The CO»-MS signal also reflects this delayed transformation: for C35,
CO4, release increases above approximately 264 °C, whereas the corre-
sponding increase in C20 starts only at approximately 309 °C (Fig. 2¢
and d). This shift to higher temperature indicates that the removal of
residual oxygen-containing groups from the char occurs earlier in C35
but is delayed in C20.

3.5. High-temperature organic fragment release

For all organic fragment signals, except for C;H3 in C20 where the
low-temperature maximum is dominant, a second release maximum is
observed at approximately 470-480 °C (Fig. 2e—j). These maxima coin-
cide with a stronger mass-loss peak for C35 at 448 °C than for C20 at
435 °C, indicating that more material retained in the solid phase of C35
decomposes and is released as volatile products in this temperature
range. This behavior can be linked to the different pathways established
by the initial water volume. In C20, the larger water volume prolongs
wet alkaline degradation and promotes the release of a substantial
fraction of cellulose-derived material already below 250 °C. Conse-
quently, less condensed organic material remains available for release at
470-480 °C. In C35, the lower water volume promotes earlier char for-
mation and preserves a larger fraction of the cellulose-derived material
within the condensed phase. The resulting oxygen-rich char and
retained organic potassium intermediates subsequently undergo
decomposition and deoxygenation, producing the stronger mass loss and
more clearly resolved organic-fragment maxima observed in this tem-
perature region.

The high-temperature organic fragment release may include acetal-
dehyde release, which generates Co,H3, CH3, and CH,CO" in the EI
source according to reactions (12)-(14). At these temperatures, acetal-
dehyde formation by wet alkaline degradation is unlikely. Instead, it
may originate from the decomposition of organic potassium salts. A
representative example is potassium lactate, since lactic acid is reported
as a major product of alkaline cellulose degradation [46]. In the
KOH-rich environment, lactic acid would mainly be present as potas-
sium lactate, which can decompose further during heating. A possible
conversion is proposed schematically as:

CH3CH(OH)COOK + KOH — CH3CHO + K»COs3 + Hs 15)

In the same temperature region, residual KOH can also begin to
attack the newly formed carbon framework directly [20]:

6KOH + 2C — 2K5COs3 + 2K + 3Hj3 16)

This temperature stage represents therefore a transition from the
conversion of retained oxygen-containing and organic potassium in-
termediates to direct activation of the carbon framework. Its greater
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intensity in C35 is consistent with the larger amount of condensed ma-
terial preserved by earlier char formation, whereas the prolonged wet
degradation pathway in C20 removes more material during the pre-
ceding low-temperature stage.

3.6. CO; evolution above 500 °C and late K,COs-assisted activation

Once KOH is largely consumed and converted into KoCO3, CO> is no
longer effectively captured and is instead released. This gives rise to the
DTG peak near 549 °C and the corresponding CO2-MS maxima at 564 °C
for C35 and 567 °C for C20 (Fig. 1 d; Fig. 2c and d). Beyond this region,
the CO; signal decreases, which is consistent with partial consumption
of CO, by the carbon matrix via the Boudouard reaction (COz + C — 2
CO).

In contrast to C35, C20 shows a second CO; maximum at approxi-
mately 720 °C, indicating an additional high-temperature activation
event (Fig. 2 d). This difference is linked to the initial water content and
the resulting early-stage conversion pathway. The larger solution vol-
ume in C20 promotes a prolonged wet alkaline environment and delayed
char formation. Consequently, C20 reaches the high-temperature region
with a char structure that still contains many oxygen-containing groups.
In C35, the lower water volume allows earlier char formation and earlier
deoxygenation, so fewer reactive C-O and C=O sites remain available at
approximately 720 °C. The CO2 peak around 720 °C is therefore
attributed to the interaction of KoCO3 with oxygen-containing groups in
the char. The relevant reactions proposed for CO, formation are [52]:

K2CO3 + 2 C-O — K20-C + 2 CO, a7)
K2CO3 + 2C=0 — K30-C + 2 COq (18)

Accordingly, the pronounced peak in C20 reflects the simultaneous
availability of KoCOs and oxygen-containing char sites, whereas the
absence of a distinct peak in C35 is consistent with earlier char matu-
ration and more extensive prior deoxygenation. During this late acti-
vation step, oxygen-containing carbon sites are removed as CO5, while
K20-containing carbon complexes are formed. The released COy may
subsequently gasify the carbon matrix through the Boudouard reaction,
contributing to additional carbon loss and pore widening in C20.

3.7. Integrated MS response during the heating ramp

To compare the overall MS response during the heating ramp, the
areas under the selected MS signals were integrated from 130 °C to the
first data point at which 750 °C was reached, excluding the isothermal
drying and activation holds (Fig. 5). Both TGA-MS measurements were
performed using 20 mg of paper precursor and, because the KOH-to-
precursor mass ratio was fixed at 1:1, the same dry KOH mass. The in-
tegrated signal areas can therefore be compared directly on an equal
precursor and KOH mass basis. However, they do not represent absolute
product yields and permit only a semi-quantitative comparison. At the
start of the integration at 130 °C, the water originally introduced with
the impregnation solution had already been completely removed during
the preceding 1 h drying step at 120 °C. The integrated H,O signal
therefore reflects the release of water generated during thermal re-
actions or temporarily retained within the K-rich phase. C20 exhibits
higher integrated areas for H,O, CO,, CoH3, and CH4 than C35, whereas
the CH,CO * area is slightly higher for C35 (Fig. 5). The largest differ-
ence among the organic fragment signals is observed for CoH3, whose
integrated area is approximately 5.4 times higher for C20. These results
indicate that the larger water volume used for C20 leads to greater
release of MS-detected species. This further supports a more pronounced
alkaline degradation stage and greater carbon loss to the volatile phase.

ATR-FTIR spectra of the KOH-impregnated sheets after treatment at
250 °C (Fig. 6) differ fundamentally from those of untreated cellulose.
The characteristic cellulose fingerprint bands previously identified for
this precursor paper in our earlier work [1] (1426, 1364, 1333, 1314,
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Fig. 5. Integrated areas of MS signals for C20 and C35 from 130 °C to 750 °C, excluding the isothermal drying and activation holds. The values allow a semi-
quantitative comparison of volatile-release intensity but do not represent absolute product yields.
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Fig. 6. ATR-FTIR spectra of the impregnated paper sheets after isothermal drying at 120 °C and subsequent heating to 250 °C.

1200, 1159 cm™ 1), as well as the 1103-1000 cm ™! region and the
p-glycosidic band at 896 cm ™}, are not observed here, indicating that the
probed surface is no longer dominated by intact cellulose. However,
carbohydrate-derived intermediates formed during the initial charring
of cellulose (polyfuranic/humin-like structures) likely contribute to the
remaining broad absorption envelope with a local maximum at
~1349 em™! [44].

Instead, the spectra are dominated by a set of bands consistent with
the formation of an incipient carbonaceous structure together with a
substantial contribution from inorganic carbonate species. The bands at
1593 and 1558 cm™! lie in a region assigned to aromatic C=C skeletal
stretching in thermally converted lignocellulosic materials, indicating
progressive aromatization during treatment [45]. The presence of car-
bonate is evidenced by the band at 1440 cm’l, attributed to the v3
asymmetric C-O stretching of CO%~, together with the band at
1059 cm ™!, which falls within the range reported for the v; symmetric
C-O stretching of carbonate species [53]. The bands at 879 and
843 cm ! are assigned to the v, out-of-plane bending mode of carbonate.
The additional component at 843 cm™! may arise from vy splitting or
from carbonate species in non-equivalent local environments [54]. Its

10

resolution in C35 therefore reflects local heterogeneity, which may stem
from differences in hydration state (e.g., coexistence of less hydrated
and more strongly hydrated carbonate species), but could also be related
to variations in coordination, ion pairing, or structural disorder. The
bands observed at 700 and 668 cm™! are attributed to the v4 in-plane
bending mode of carbonate [55]. In addition, the shoulder around
1630 cm™! can be attributed to adsorbed water [56].

Peak resolution increases from C20 to C35, even though C35 is
visually more carbonized. ATR-FTIR probes only the first micron-scale
region in close contact with the crystal, and in wet media the
measured spectrum is dominated by an interfacial water film with only a
weak contribution from the solid. Accordingly, the wetter C20 exhibits
stronger water-film masking, and a higher fraction of potassium species
remain dissolved rather than precipitated at the surface, both of which
diminish apparent band intensities and blur fine spectral features. In
contrast, the more carbonized specimens (C30 and C35) present a drier,
more rigid surface with surface-precipitated carbonate species, resulting
in sharper and more intense carbonate- and aromatic-related bands.

The XRD diffractograms of the KOH-treated, thermally converted
sheets (Fig. 7) deviate strongly from that of the precursor paper,
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Fig. 7. (a) Stacked XRD patterns of KOH-impregnated paper sheets after drying (120 °C, 1 h) and subsequent heating to 250 °C (C20-C35_250 °C), compared with
untreated paper and simulated reference patterns of potassium carbonates (K»CO3-1.5H>0 and K;CO3) and graphite (all simulated from CIF files [57-59]). (b)
Enlarged view of the highlighted 20 region; corresponding 20 positions are listed in Table S1.
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indicating that the native cellulose structure is largely lost already at
250 °C. This is consistent with the pronounced optical changes observed
after thermal treatment (Fig. 3).

C20-C35_250 °C exhibit numerous reflections across 20 ~ 5-25°
(Fig. 7 a), with the expanded view highlighting a particularly peak-rich
region between ~12 and 21° (Fig. 7 b). These reflections overlap with
potassium carbonate reference patterns (KoCO3-1.5H,0 and K3CO3).
This assignment agrees with the ATR-FTIR results (Fig. 6), where car-
bonate vibrational bands dominate the spectra. Within the series,
C20-C30_250 °C display similar peak sets with only minor peak position
offsets, suggesting small variations in carbonate hydration state and/or
crystallinity. In contrast, C35 lacks several reflections present in
C20-C30_250 °C (e.g., peaks 3, 5, 6, 9, 16, and 17 in Fig. 7 b; exact 20
positions are listed in Table S1), indicating either a modified salt mixture
or altered phase proportions. Since these salts are hygroscopic, differ-
ences in ambient exposure and sample handling may have contributed to
the apparent disappearance of reflections in C35_250 °C.

No distinct graphite-related reflections are observed in
C20-C35_250 °C. This is expected because treatment at 250 °C does not
produce considerable graphitic order; any carbon formed at this stage is
largely amorphous and would contribute only a broad, low-intensity
background feature rather than sharp peaks.

The carbon yield decreases with increasing KOH solution volume
used for precursor impregnation (Fig. 8, a), with the yield of C35 being
nearly an order of magnitude higher than that of C20. The generally low
yields (<10%) are typical for the one-step KOH activation process, since
the yield is calculated relative to the mass of the original precursor
rather than a pre-carbonized intermediate, and because cellulosic pre-
cursors undergo extensive chemical etching due to their highly reactive
functional groups.

Alkaline degradation, during which anhydroglucose units are
removed from the cellulose backbone and converted into volatile

a)

10

C-Yield [%]

C30 C35

——|

K-salts [%]
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degradation products, proceeds for a longer time in specimens impreg-
nated with higher KOH solution volumes. These specimens remain wet
for a longer period of time, delaying the onset of carbonization to higher
temperatures (Fig. 3b-d, f, h). Consequently, a larger fraction of the
original cellulose is converted into non-carbonizing degradation prod-
ucts in C20. This interpretation is supported by the integrated MS
response during the heating ramp, which shows higher total signal areas
for HyO, CO4, CoH3, and CHF in C20 than in C35, with the CoH3 area
being approximately 5.4 times higher (Fig. 5). Although these integrated
values are only semi-quantitative, they demonstrate enhanced volatile
release from C20 and therefore support a stronger loss of carbon-
containing species before char stabilization.

With decreasing KOH solution volume, the duration of alkaline
degradation decreases and aromatization begins earlier, preserving a
larger fraction of the cellulose backbone that subsequently forms the
carbon matrix. This explains the increase in carbon yield from C20 to
C35. In addition, the CO,-MS signal indicates that C20 undergoes an
additional high-temperature CO5-associated activation step at approxi-
mately 720 °C (Fig. 2 d). During this process, CO5 can react with the
carbon matrix, further contributing to carbon loss and thus to the lower
yield of C20.

The K-salt residues on the unwashed ACs (Fig. 8 b) originate from
reactions of KOH with CO, and HpO during thermal treatment. A
decreasing trend in K-salt content is observed with decreasing KOH so-
lution volume. However, the difference in salt mass between C20 and
C35 is only about 5%, which is unexpected considering the pronounced
visual differences in the unwashed ACs (Fig. 8c and d). While C35 ap-
pears uniformly black with a foam-like texture, C20 exhibits a black
carbon core surrounded by a white crust of K-salts. This contrast in-
dicates that the applied KOH solution volume controls whether potas-
sium salts form predominantly as external crusts or remain more
uniformly distributed within the carbon matrix after activation. In C35,
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Fig. 8. (a) Carbon yield relative to precursor mass, (b) Fraction of K-salts calculated from the masses of washed and unwashed AC, and images of unwashed ACs

produced with 35 w.% (c) and 20 w.% (d) KOH solution.
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the entire solution volume is absorbed into the precursor paper, result-
ing in potassium-salt formation predominantly within the bulk. In C20,
the applied solution volume is almost twice the uptake limit. Assuming
an initially homogeneous solution, nearly half of the applied KOH is

Carbon 260 (2026) 121941

therefore in the external liquid fraction before drying. Moreover,
evaporation during drying may induce outward solvent transport, car-
rying dissolved potassium species from the sheet interior toward the
evaporation front (Fig. 4). This efflorescence-like redistribution could

AC composition after a single washing step with 1M HCI:
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Fig. 9. (a, b) Surface atomic composition obtained by XPS for AC samples (C20-C35) after one HCl wash. (c-f) High-resolution C 1s spectra and corresponding peak
fitting showing the contributions of different carbon functional groups for C20, C25, C30, and C35.
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further increase the surface-associated KOH fraction in C20. Such
redistribution is expected to be less pronounced in C35 because its
smaller liquid reservoir is removed more rapidly and a continuous
aqueous phase is maintained for a shorter period. During subsequent
thermal treatment, the surface-enriched potassium species in C20 are
converted mainly into K5COs, producing the pronounced external salt
crust observed in Fig. 8 d.

XRD analysis of the unwashed C20 and C35 ACs further supports this
difference in salt distribution (Fig. S2). Both patterns contain reflections
associated with K2CO3 and K2COs3-1.5H20. However, the substantially
sharper and more intense reflections of C20 indicate larger and more
crystalline salt domains in the external crust, whereas the weaker and
less resolved reflections of C35 are consistent with smaller or more
disordered crystallites confined within the carbon structure [60]. Dif-
ferences in the relative peak sets may additionally reflect variations in
carbonate hydration state and phase proportions.

XPS probes the near-surface elemental composition and is therefore
highly sensitive to trace residues and surface contamination. For the
present ACs (Figs. 9 and 10, a, b), C represents the carbon matrix. O
arises from oxygen-containing surface functionalities generated during
KOH activation and from oxygen containing inorganic residues such as
K5COs. Residual K is attributed to activator-derived potassium species
that are not fully removed by a single washing step, including K-O
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surface complexes and potassium salts (e.g., carbonates). Trace S is
consistent with the acid sulfite origin of the cellulose fibers, whereas Si
and Al likely reflect minor ash/mineral impurities (e.g., aluminosili-
cates). Fluorine is not expected to originate from either the cellulose
precursor or the activation chemistry. Its presence therefore suggests
contamination from an external fluorine-containing source introduced
during processing, potentially from the sealing rings of the tube furnace.
N may originate from trace precursor residues and/or adsorption.

The changes induced by the second washing step in the AC surface
composition (Fig. 10a and b) indicate that a substantial fraction of the
XPS oxygen signal originates from oxygen-containing potassium resi-
dues. After the second wash, the surface oxygen content decreases
strongly (C30_1 xHCI: 30.1 — C30_2xHCI: 10.6 at.%; C35_1xHCI: 23.1
— C35_2xHCI: 12.3 at.%). Potassium and contaminations such as Si, Al,
and F are no longer detected. This behavior is consistent with the
dissolution of residual K-salts and their associated oxygen species and is
further supported by the disappearance of K-related contributions in the
high-resolution spectra (Fig. 10c and d). As a result, the surface com-
positions of C30_2xHCI and C35_2xHCI converge to very similar values
(O ~ 11-12 at.%, S ~ 0.3-0.4 at.%, N ~ 0.5 at.%). These observations
indicate that the elevated oxygen contents measured after the first wash
were largely due to removable oxygen-containing K residues. With K
being removed, the C 1s envelope is dominated by the carbon scaffold
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Fig. 10. (a, b) Surface atomic composition obtained by XPS of C30 and C35 after a second HCl wash. (c, d) High-resolution C 1s spectra and corresponding peak
fitting showing the contributions of different carbon functional groups for the rewashed C30 and C35.
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(C-C/C=C), together with a smaller but distinct contribution from
covalently bound oxygen functional groups, mainly C-OH/C-O with
minor C=0 and O-C—O0 components (Fig. 10c and d).

The AC atomic composition after the first and second wash (Figs. 9
and 10a and b) are consistent with the visually observed differences in
potassium-salt distribution in the unwashed specimens (Fig. 8c and d).
For C20, photographs show a superficial salt crust that is readily dis-
solved during the first washing step. Accordingly, K drops below the XPS
detection limit and the associated oxygen signal is strongly reduced. In
contrast, for C35 the photographs indicate that potassium compounds
are more embedded within the carbon structure. This interpretation is
consistent with the weaker and less resolved carbonate reflections
observed for unwashed C35 by XRD (Fig. S2). This lower accessibility is
reflected in the XPS results, where K remains detectable after the first
wash and is only removed after the second washing step. These results
indicate that the effectiveness of washing is governed less by the total
amount of residual potassium and more by its spatial distribution, which
is directly dependent on the KOH solution volume used during
impregnation of the AC precursors.

Electron microscopy of the washed ACs demonstrates that using the
same precursor paper (P0) (Fig. 11a and b) but varying the KOH solution
volume leads to pronounced differences in the macropore architecture
(Fig. 11c—f). Since the paper fibers and the bulk paper structure can
absorb only a finite volume of solution, variations in the total solution
volume result in different KOH distributions within the precursor. This is
reflected in the distinct spatial distribution of K-salt deposits observed in
the unwashed ACs (Fig. 8c and d). Consequently, the activation proceeds
via different pathways, as supported by TGA-MS data and visual in-
spection of the specimens after heating to 250 °C (Fig. 3b-d, f, h).

SEM analysis reveals clear differences in macroporous morphology
across the AC series (Fig. 11c—f). Among all specimens, C20 exhibits the
largest macropores, whereas the macropore sizes of C25, C30, and C35
are comparatively similar. In contrast, a systematic trend is observed in
the pore wall thickness, which decreases progressively from C20 to C35.
These morphological differences can be explained by the underlying
activation mechanisms. In C35, the wet alkaline degradation stage ter-
minates at lower temperatures than in C20, allowing a larger fraction of
degraded cellulose fragments to be converted into solid carbon rather
than lost as volatile species. These fragments are incorporated into the
evolving carbon scaffold, promoting a higher structural density and
stability. As a result, a finer macroporous structure with thinner pore
walls is formed. Moreover, an additional high-temperature physical
activation step at 720 °C in C20 (Fig. 2 d) contributes not only to further
micropore formation but also to pore widening, producing a coarser
macroporous morphology. During this process, the most exposed and
fine structural features are removed, leaving a framework dominated by
fewer, thicker pore walls. The intermediate specimens C25 and C30
exhibit macropore sizes similar to C35 but slightly thicker pore walls,
suggesting that physical activation is present but less pronounced than
in C20. C25 and C30 therefore represent an intermediate morphological
regime, whereas the pronounced coarsening observed for C20 appears
only when a substantially larger external KOH solution fraction is
present.

High-resolution TEM of C35 (Fig. 11g and h) further reveals that, in
addition to macropores, a substantial degree of microporosity is present.
The micropores predominantly appear as slit-shaped voids formed be-
tween stacked graphene layers. The carbon framework of C35 appears
partially ordered and turbostratic, with short, curved, and misoriented
lattice fringes that locally form bent stacked lamellae. In some regions,
the fringes show concentric or onion-like curvature. These features
suggest the presence of small graphitic microdomains (graphene-like
crystallites) rather than long-range ordered graphite, which is typical of
chemically activated carbons.

Nitrogen adsorption measurements cannot probe ultra-micropores
(<£0.7 nm) due to the molecular size of Ny [1]. Therefore, the obtained
PSD and SSA only reflect pores accessible to N» and do not represent the
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full porosity. However, Ny adsorption remains an important comple-
mentary technique, as it provides quantitative information on the SSA
and pore volume of the micro- and mesopores that are accessible to gas
molecules. The PSD (Fig. 12 a) shows that C20 exhibits the highest pore
volume in the 1.2-1.3 nm range as well as in the mesopore region
(2-5 nm). In contrast, C35 displays the lowest pore volume in these pore
size ranges, while C25 and C30 show similar intermediate values, lying
between C20 and C35. This similarity suggests that the moderate in-
crease in solution volume from C30 to C25 does not yet create the
distinctly different impregnation state observed for C20.

Considering that pore development in C20 was more strongly driven
by physical activation due to the early conversion of a large fraction of
KOH into potassium salts compared with specimens impregnated with
lower KOH solution volume, its higher porosity in the Nj-accessible
range, particularly in the mesoporous region, is reasonable. CO5-MS
data further support this interpretation, revealing CO5 release from the
interaction between KoCO3 and oxygen-containing groups in the char at
approximately 720 °C in C20. This CO evolution promotes additional
pore growth, leading to increased mesopore volume and, on a larger
scale, the formation of large macropores, as confirmed by SEM
(Fig. 11c-).

C20 exhibits the highest pore volume within the Ny-accessible pore
size range, mainly due to its pronounced contribution of mesopores (2-
5 nm), which results in the highest SSA (1455 m?/ g). The SSA decreases
toward C35, reaching 1276 m?/g. In contrast, the relative micropore
contribution to the SSA (pores <2 nm) increases from 65% for C20 to
83% for C35, while remaining nearly constant for C25 and C30 (76%
and 75%, respectively).

Residual potassium-containing species detected by XPS after the
standard washing step may have partially reduced N accessibility by
occupying pore volume or constricting pore entrances. However, XPS
probes only a limited near-surface region at selected positions and
therefore confirms the presence of residual potassium without quanti-
fying its distribution throughout the bulk material or internal pore
network. The Nj-derived trends across the series remain clearly visible.
Nevertheless, residual potassium in C30 and C35 may slightly under-
estimate pore volumes and SSA. This may be most relevant for micro-
pores because salts located there are less accessible to the washing
solution.

SAXS analysis (Fig. 13) indicates a decrease in the pore volume
fraction from C20 to C35, which is consistent with enhanced physical
activation arising from the higher K5COs3 presence associated with the
use of larger KOH solution volumes during impregnation. This trend is in
good agreement with the N, adsorption-derived SSA (Fig. 12 b), which
likewise decreases from C20 to C35. Unlike gas adsorption, SAXS does
not require pores to be accessible from the external surface and is
therefore less affected by pore blockage by residual potassium salts. It
thus provides complementary information on the overall nanoscale pore
structure of the carbon framework. The agreement between both tech-
niques indicates that the observed trend is not primarily caused by
restricted Ny accessibility due to residual potassium salts.

Concurrently, a shift toward smaller pore sizes is observed. The mean
pore diameter decreases from 1.52 nm (C20) to 1.26 nm (C35), while all
specimens remain dominated by pores in the ~1-2 nm size range,
indicating that the primary microporous structure is preserved across
the series. The highest observed pore volume contribution in the Nj-
derived PSD occurs at approximately 0.9 nm (Fig. 12 a), whereas SAXS
yields mean pore diameters of 1.26-1.52 nm. One possible explanation is
that some pores contributing to the SAXS-derived mean diameter are
inaccessible to Ny because they are closed or connected through narrow
bottlenecks. These pores would be absent from the Nj-derived PSD,
leaving the accessible population around 0.9 nm as the highest observed
contribution. However, the values are also influenced by the different
measurement principles, weighting schemes, and pore-geometry as-
sumptions of SAXS and gas adsorption and are therefore not directly
comparable. CO, adsorption at 273 K could provide complementary
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Fig. 11. Microscopy images showing SEM micrographs of the precursor paper surface (a) and cross-section (b) at 200 x magnification, and of the ACs derived from it
(c-f) at 3000x magnification. TEM images of the ACs produced using the lowest KOH solution volume (35 w.%) are shown in (g) and (h).

16



A. Scheer et al.

Carbon 260 (2026) 121941

a)
= C20 ¢ C25 @ C30 @ C35
o
§ os! 06!
o) O.5j
£ 0.5 04!
=
S 041 >
01_” 0.24
8_ 03_ 09 1.0 1.1 1.2
I
=
Q
=
0 0.0 , : -
1 2 3 4 o
Pore diameter [nm]
b) C)
1600 1.0
1400 [F
I l — 0.8 . _
1200 = I .
G} | &
CE 1000 - @ 06-
(% 800 - .g
%
400 -
@ 02
200 -
O T T T 00 T T T
C20 C25 C30 C35 C20 C25 C30 C35

Fig. 12. Differential pore volume distributions of the ACs derived from N, adsorption data: (a) PSD curves, (b) total SSA and (c) micropore-SSA (pores <2 nm)

calculated from N, adsorption measurements.

information on narrow, kinetically restricted pores and should be
considered in future studies.

Beyond this modest shift in the mean pore diameter, clear differences
emerge in the contribution of larger pores. In particular, C20 exhibits the
highest pore volume fraction at diameters above the mean, indicating an
enhanced contribution from pores in the upper micropore to small-
mesopore size regime. This behavior is consistent with the most pro-
nounced pore widening/merging, attributable to etching by CO.
released during the reaction of K2CO3 and oxygen-containing groups in
the char (Fig. 2 d). In contrast, the pore volume associated with these
larger diameters is lower for C25 and C30, and smallest for C35.

C25 and C30 display similar PSDs in terms of both the main peak
position and the overall PSD shape. Their mean pore diameters differ
only slightly (1.42 nm for C30 and 1.50 nm for C25), consistent with the
nearly identical Ny-derived PSDs and relative micropore contributions.
This plateau may partly reflect the nonlinear increase in water addition:
although the KOH concentrations differ in equal 5 w.% steps, the H,0O-
to-KOH mass ratio increases by 0.67 g g~ from C30 to C25 but by
1.00 g g*1 from C25 to C20 (Table 1). Taking 0.78 mL (C35) as the
uptake limit, the external solution fraction is approximately 18% for
C30, 35% for C25, and 49% for C20. Assuming that KOH is initially
homogeneously distributed in the solution, similar fractions of KOH are
therefore initially located outside the internal paper structure. Thus,
nearly half of the KOH in C20 is already associated with the external
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liquid fraction before drying, compared with approximately 1/3 in C25
and less than 1/5 in C30. In addition, the larger liquid reservoir in C20
may maintain a connected aqueous phase for longer during drying.
Evaporation could therefore sustain outward transport of dissolved po-
tassium species from the sheet interior toward the evaporation front,
further increasing surface enrichment through efflorescence-like redis-
tribution (Fig. 4). In C25 and C30, the smaller liquid reservoirs are
removed more rapidly, limiting the duration and extent of this redis-
tribution. The moderate difference between C25 and C30 may therefore
be insufficient to strongly change the solution-mediated transport of K-
species before the salts become immobilized by drying. C20 therefore
represents a different impregnation state after drying, in which the
larger externally located KOH fraction may promote stronger carbonate
formation, consistent with the additional high-temperature CO5 release
and pronounced pore widening.

3.8. Scope and transferability of the water volume effect

Since the observed water volume effect originates from differences in
solution uptake, KOH distribution, and drying behavior, its magnitude is
expected to depend on the properties of both the precursor and the
activation system. More heterogeneous feedstocks may exhibit different
absorption capacities, swelling behavior, and reagent accessibility,
thereby shifting the solution volume at which an external liquid fraction
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Fig. 13. PSDs of the ACs determined by SAXS: (a) C20, (b) C25, (c) C30 and (d) C35.

Table 1

Average KOH solution concentrations, corresponding volumes, and masses
applied per precursor paper sheet for activation. The precursor-to-KOH mass
ratio was kept constant at 1:1.

Specimens Avg. ¢ Avg. V Avg. m Avg. m KOH: HyO
(KOH) (KOH) (KOHgry) [g1/ (H,0) mass ratio
[w.%] [mL] [mmol] [g]

C20 20 1.53 0.37/6.59 1.48 1:4.00

C25 25 1.20 1.11 1:3.00

C30 30 0.95 0.86 1:2.33

C35 35 0.78 0.69 1:1.86

* Exact values depend on the individual sheet mass, which varies by +0.004 g.

persists. Activation temperature and KOH loading may additionally
change the relative contributions of low-temperature alkaline degrada-
tion and high-temperature activation reactions. Likewise, NaOH, K»CO3,
and mixed activator systems may show different water-volume de-
pendencies because their solubility, hydration behavior, and reaction
pathways differ from those of KOH. In dry-mixing routes, where the
initial contact state is governed primarily by solid-solid contact rather
than solution transport, water is also expected to play a different role.
Future studies should therefore examine this relationship in less uniform
feedstocks such as lignocellulosic biomass, as well as under different
activation conditions and systems.

4. Conclusion

Overall, within the investigated system at an activation temperature
of 750 °C and a KOH-to-precursor mass ratio of 1:1, the amount of water
used to dissolve KOH acts as a decisive parameter in the one-step con-
version of cellulose into AC. Changing the solution volume modifies the
starting conditions for the pyrolysis, which in turn shifts the dominant
activation pathway and ultimately determines carbon yield and pore
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structure. At high KOH solution volume (C20), the amount of solution
exceeds the absorption capacity of the paper precursor. As a result, a
substantial fraction of KOH remains poorly integrated with the cellulose
matrix, favoring its conversion into KoCOj3 rather than direct partici-
pation in KOH-cellulose reactions. In contrast, at lower KOH solution
volume (C35), the entire solution is readily absorbed by the paper,
ensuring intimate contact between KOH and cellulose throughout the
precursor. Under these conditions, the external K,CO3 formation is less
pronounced, and the relative contribution shifts toward direct chemical
activation and away from CO»-assisted activation.

In C20, the KOH present in the external solution fraction is more
exposed to atmospheric and reaction-generated CO», promoting KHCO3
and KyCO3 formation. The resulting carbonate-rich phase retains water
and thereby prolong the hydrated alkaline environment. This delays
char formation and extends the period during which cellulose undergoes
alkaline degradation. Consequently, more cellulose is converted into
low molecular weight volatile products that contribute less to the
carbonaceous residue, thereby reducing the carbon yield. With
decreasing KOH solution volume from C20 to C35, the extent of alkaline
degradation is reduced, leading to earlier aromatization and char for-
mation. Besides the apparent color change (Fig. 3), ATR-FTIR confirms
that char formation already occurs at 250 °C, with the cellulose structure
being largely degraded. Additionally, ATR-FTIR and XRD confirm the
formation of potassium carbonate phases, assigned mainly to K2CO3 and
K2CO3-1.5H50, in samples heated to 250 °C (Fig. 7) and their persistence
in the unwashed ACs after completion of the thermal program (Fig. S2).

These differences in the activation pathway also govern pore
development. In C35, early charring combined with reduced volatile loss
results in a dense, finely developed macroporous structure with thin
pore walls. In contrast, stronger physical activation in C20 leads to the
loss of fine structural features, producing a coarser morphology with
thicker pore walls. The extra release of CO2 in C20 further promotes
micropore formation and micropore merging, increasing the total pore
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volume and, in particular, enhancing mesoporosity. As the strength of
this physical activation mechanism decreases with decreasing KOH so-
lution volume, both the total pore volume and the mesoporous contri-
bution generally decrease from C20 to C35. However, this trend was
nonlinear, with C25 and C30 exhibiting similar microstructural prop-
erties and pronounced additional pore enlargement occurring only for
C20, where the precursor uptake capacity was strongly exceeded.

Within the investigated cellulose/KOH model system, these findings
demonstrate that the distribution of the activator, governed by the water
volume in the applied solution, plays a central role in the thermal
transformation of cellulose. Beyond the KOH loading and thermal con-
ditions conventionally used to tune porosity, the extent to which a fixed
KOH mass is absorbed into the bulk of the precursor versus remaining
externally located governs reaction pathways, pore evolution, and car-
bon yield. Consequently, a carefully designed impregnation strategy
provides a practical means of tuning AC pore structure toward the re-
quirements of different applications and represents a key parameter for
the scale-up of one-step KOH activation processes. Because paper pro-
vides a reproducible cellulose network with a defined liquid-uptake
capacity, the quantitative relationship observed here may shift for
more heterogeneous biomass feedstocks with different compositions,
structures, and absorption behavior. Its transferability to such feed-
stocks, as well as to other activation conditions and systems, therefore
remains to be established.
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