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Pyrogenic carbonaceous materials (PCMs) can mediate environmentally beneficial redox reactions
through electron exchange with contaminants and microorganisms. Electron exchange kinetics and
capacities of PCMs are generally too low for applications that operate on short time scales, such as
contaminant pump and treat reactors and biological activated carbon systems. Here, we aimed to
increase electron exchange kinetics and capacities over the short term (hours) using a high-surface area
activated carbon cloth (ACC) derived from a highly pure novoloid phenol-aldehyde feedstock subjected
to oxidative treatments [hydrogen peroxide (H,O,) and nitric acid (HNOs)l. Mediated electrochemical
reduction experiments revealed substantial increases in both the magnitude and rate of electron
accepting capacity (EAC) resulting from oxidative treatment. HNOsz-treated ACC reached a maximum
EAC of 9.16 + 0.36 mmols e~ per g-AC (30 min HNOs treatment) within 5-6 hours, a 5.1x increase
relative to the non-treated ACC. The initial electron transfer rate (within the first 30 min) of the HNOs-
treated ACC reached a maximum of 0.11 £ 0.02 mmols e~ per g-AC per min, which was ~3.5x faster
than the non-treated ACC. We observed both an increase in oxygen content throughout the ACC and
decrease of micropore volume after HNOs treatment, suggesting that electron exchange kinetics were
improved by the appearance of additional redox-active oxygen groups and improved transport of the
electron mediator in and out of the ACC pores. H,O, treatment increased only the exterior surface
oxygen content and was associated with loss of some redox functionality over time. These findings
further our understanding of the physicochemical properties that contribute to PCM electron transfer
rapid

Received 8th July 2025,
Accepted 12th November 2025

DOI: 10.1039/d5ma00727e

and help transition reactive PCMs toward applications that would benefit from redox

rsc.li/materials-advances transformations.

Currently, the timescales over which PCMs exchange elec-
trons are long, relative to those of engineered systems that

1. Introduction

The adsorptive and reactive properties of pyrogenic carbonac-
eous materials [PCMs; e.g., activated carbon (AC), biochar] offer
unique opportunities to mediate chemical and biological trans-
formations in engineered and natural environments. PCMs
can have a large adsorptive capacity for many contaminants,
especially organic contaminants.” They can also transfer
electrons to some contaminants through abiotic and biotic
reduction reactions that can yield less harmful transformation
products.’” PCMs can also mediate electron transfer between
microorganisms.® Linkages between PCM physical and
chemical properties and electron exchange capabilities have
been established, but less progress has been made on “fine
tuning” those properties to broaden applications, especially in
engineered systems.
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operate over short timescales.” For in situ remediation of
natural environments, such as contaminated sediments, longer
timescales (e.g,, months) of contaminant removal typically
occur. Slower PCM electron exchange is therefore suitable.
However, in applications such as pump and treat treatment
reactors, drinking water treatment (e.g., biological activated
carbon), and wastewater treatment, reactor retention times
range from a few minutes to hours."® " In those situations,
fast electron transfer to/from contaminants/microbes is impor-
tant. Most PCMs studied to date exhibit electron transfer rates
that are too slow to provide meaningful reactivity in these types
of applications.

Electron transfer in PCMs is driven by both material con-
ductivity and redox-active functionalities. Deficiency in one or
both properties can have a significant impact on material redox
performance. Across all PCMs, biochars typically exhibit
the lowest electrical conductivity, sometimes by an order
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of magnitude.'*'* Though some biochars have been found to
have a substantial electron exchange capacity (EEC), the
kinetics of electron transfer are often hindered by singular
reliance on reactive functional groups.®> AC generally has a
higher degree of graphitization, leading to higher conductivity,
as well as a much higher surface area. While this increase in
surface area can provide more reactive sites for EECs, electron
transfer kinetics can be hindered by the highly microporous
nature of the materials limiting access to reactive sites.®'>"°
PCM enhancement, either during synthesis or through post-
synthesis modifications, to generate favorable conductive cap-
abilities and accessible redox-active functionalities may enable
faster reaction times.

In addition to rate, short-retention treatment systems would
benefit from improvements in the total amount of electrons
exchanged over short timescales. If there are limited electrons
either stored in the PCMs or that can react with contaminants
via redox-active functional groups, then thorough transforma-
tions of contaminants, especially those requiring high numbers
of electrons (e.g.,, NO;~ reduction to N, gas, nitrobenzene
reduction to aniline) or that are present in high concentrations,
may be limited.'”*® Current EECs are often reported in the
range of 0.1-1 mmols e~ per g-PCM, and vary widely depending
on material and analysis type.**>'**° Most evidence points to
quinone and phenolic groups as the primary contributors to
EEC.">?' Quinones are suspected of electron acceptance and
donation, whereas phenols are believed to participate only in
electron donation. There are a variety of strategies to promote
formation of these groups on PCMs, including oxidative treat-
ments with chemicals such as hydrogen peroxide and nitric
acid. A challenge for gaining clear mechanistic insight
when synthesizing PCMs or modifying them post-synthesis, is
that multiple properties (physical and chemical) can change
simultaneously.

Here we aimed to develop PCMs with faster electron
exchange and higher electron acceptance capacities over short
time periods. Doing so would help inform the design of PCMs
for contaminant and biological transformations in applica-
tions that require fast (minutes to hours) electron transfer and
large numbers of electrons. To improve clarity on mechanisms
underlying kinetic and capacity changes, we used an AC
derived from a material (novoloid phenol-aldehyde fiber) that
is highly pure relative to traditional PCM feedstocks (wood,
straw, etc.). Additionally, we used a new form of PCM whose
EEC has not been reported: a monolithic cloth that is highly
porous, scalable, and applicable to flow-through processes
relevant to many water treatment systems.>” Using an electro-
chemical mediated method, we found that the AC cloth (ACC)
accepted electrons at high rates and capacities. Oxidative
chemical treatments that deposited putative electron accept-
ing functional groups increased rates and capacities signifi-
cantly, reaching some of the highest reported values to
date. These findings further our understanding of the physi-
cochemical properties of PCMs associated with EEC and
help transition PCMs to applications that operate over short
timescales.
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2. Materials and methods

2.1 Activated carbon cloth treatments

Commercial ACC was purchased from Kynol (ACC-5092-15), cut
into 1 x 1 cm pieces, and washed in 200 mL deionized (DI)
water to remove dust and debris. Non-treated samples (X-AC),
which represent controls, were oven-dried at 70 °C after the
DI wash. Each treatment consisted of soaking 1 x 1 cm pieces
(4-5 pieces per treatment) in the chemical oxidizers for a pre-
determined amount of time. H,0, [9.8 M (30%); Fisher Scien-
tific] treated samples (H,0,-AC) were soaked in 200 mL for
2 min, 5 min, 30 min, and 24 hours. HNO; (7.9 M; Fisher
Scientific) treated samples (HNO3-AC) were soaked in 200 mL
for 30 s, 5 min, 30 min, and 24 hours. All incubations were
performed in triplicate under constant mixing (250 rpm) at
room temperature. After treatment, the samples were washed
in 200 mL DI for ~5 min, dried at 70 °C, and stored in covered
aluminum weighing dishes at ambient conditions until use.

2.2 Electrochemical analysis

Electrochemical experiments were performed in a 100-mL glass
bulk electrolysis cell (MF-1056, BASi Research Products)
comprised of a vitreous carbon working electrode (WE), a coiled
platinum auxiliary electrode contained within a fritted
glass chamber, and an Ag/AgCl reference electrode (+200 mV
vs. standard hydrogen electrode). Mediated electrochemical
reduction and mediated electrochemical oxidation (MEO) tests
were performed as described previously.'®>* Phosphate buffer
was first prepared using sodium phosphate monobasic mono-
hydrate (NaH,PO,-H,0) (MFCD00149208; Sigma Aldrich) and
sodium phosphate dibasic heptahydrate (Na,HPO,-7H,0)
(MFCD00149180; Fisher Scientific) in DI water for a final
concentration of 0.1 M phosphate. Sodium chloride was added
to serve as an electrolyte. The electrochemical cell was filled
with 72 mL of buffer (3 M NaCl, 0.1 M phosphate, pH 7) and
equilibrated with the WE set to a potential of —0.40 V in
MER and +0.61 V in MEO (vs. Ag/AgCl) under constant stirring
(~200 rpm) with a stir bar. Once current stabilized and
remained constant at a low value (<50 pA), 3 mL of the
10 mM chemical electron mediator stock solutions [MER:
diquat dibromide monohydrate (DQ), Sigma Aldrich; MEO:
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (98%) (ABTS), Fisher Scientific] was spiked into the
cell to give a working concentration of 0.4 mM. A reductive or
oxidative peak appeared after spiking with DQ or ABTS, respec-
tively. Once the current returned to the initial baseline value, an
ACC sample (~0.02 g) was added to the solution, resulting in
new reductive (during MER) or oxidative (during MEO) current
peaks. Numerical integration of the area under the peaks
yielded the electron accepting capacity (eqn (1)) or the electron
donating capacity (EDC; eqn (2)).

],
edds

EAC =1L 1)
mAcc
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where, I,.q (A) and I, are the reductive and oxidative currents,
respectively. F is the Faraday constant (96485 C mol '), and
Macc (g) is the mass of the ACC. All MER and MEO tests were
conducted in triplicate in an anaerobic chamber (1.5-3%H,,
97-98.5% N,) at room temperature to mitigate electron transfer
to O,.

2.3 Chemical property characterization

Elemental and functional group changes resulting from
chemical treatment were analyzed via X-ray photoelectron spec-
troscopy (XPS). XPS analysis was carried out using a SPECS™
system instrument equipped with a PHOIBOS 150 analyzer
under a pressure of ~3 x 10~ "* bar. The instrument contained
both MgKo X-ray (hv = 1253.6 V) and AlKa X-ray (hv = 1486.7 eV)
sources. The surface composition of the ACC was characterized
using the MgKo X-ray source operating at 10 kv and 30 mA
(300 W). Survey scans for analysis of elements were recorded
with a pass energy of 24 eV in a step of 0.5 eV. High resolution
scans, for targeted analysis of individual survey scan peaks, were
done with a pass energy of 20 eV in a 0.1 eV step. The CasaXPS
computer software was used to deconvolute binding energies
into chemical functional groups.”® Binding energies were
sourced from the National Institute of Standards and Techno-
logy (NIST).>

Elemental composition on the surface and within the mate-
rials was characterized using CHN(O)S analysis (Measurlabs;
Helsinki, Finland). Samples were dried for three hours at 105 °C
and then stored under a helium atmosphere to avoid moisture
absorption prior to analysis. The samples were first subjected
to a flash combustion process at 1000 °C under 25 kPa of O, in
a pure oxygen environment.”*?” C, H, N, and S present in the
samples were transformed into their combustion products, fed
through copper to remove excess oxygen, separated via gas
chromatography, and measured using a thermal conductivity
detector. Oxygen content was determined indirectly through
pyrolysis at 1480 °C in a hydrogen-helium (H,-He) gas mixture.
Oxygen-containing species throughout the samples were con-
verted into carbon monoxide (CO) and analyzed using the same
separation and detection methods described above.*®*’
Elemental composition is reported as weight% (wt%) of the
initial sample.

Boehm titrations were conducted to help identify redox-
active and non-redox active oxygen-containing functional
groups within the samples. This titration is commonly used
to quantify acidic oxygen groups (phenol, lactone, and car-
boxylic groups).>® Of the groups it can detect, only phenols are
believed to be redox active and primarily associated with
electron donation.”’ By subtracting the groups detected by
the Boehm method from the total oxygen measured through
CHN(O)S analysis, we aimed to better identify oxygen content
associated with EAC. The Boehm method involves reactions of
surface groups with strong bases to deprotonate the oxygen
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View Article Online

Paper

groups. Then, through an equivalence point titration with a
strong acid, or through a surplus addition of acid and back-
titration with another base, the deprotonated oxygen groups are
quantified through comparison with reference blanks.*® Tripli-
cate solutions (50 mL) of sodium hydroxide (NaOH) (0.05 M,
Fisher Scientific) and one sample of each of X-AC, 30 min
treated H,0,-AC, and 30 min treated HNO;-AC (~ 0.02 g) were
incubated during shaking at 200 rpm for three days. Sodium
hydroxide was chosen as the first base because it reacts and
deprotonates phenol, lactone, and carboxylic acid groups on
carbon materials.”® An extra set of triplicate solutions without
ACC was also incubated for three days to serve as a reference.
Samples (10 mL) were taken from each solution, filtered, and
added to 20 mL of hydrochloric acid (HCI) (0.05 M, Fisher
Scientific). These samples were then titrated with sodium
carbonate (Na,COj3) (0.05 M, Fisher Scientific) using an Orion
Star T910 pH Autotitrator (START9100, Fisher Scientific) with
an Orion ROSS Ultra pH electrode (13642237, Fisher Scientific).
Once the equivalence point for each sample was reached and
recorded, oxygen groups (mmol per g-AC) were quantified using

eqn (3):

O, groups (mmol per g AC)

. ((Vsample.NaOH - Vref.NaOH) X titer x C)titrator base (3)

1
macc X g
where Vsampie,naon (ML) is the volume of titrant used to reach
the equivalence point for the titration of the experimental
sample and Viernaon (ML) is the volume of titrant used to
titrate the reference blank. The concentration of the titrant (C,
mol L") and mass of sample reacting with the base (macc, g)
were kept constant throughout all titrations. The same titration
solution (Na,COs; 0.05 M) was used across all samples so that
the titer remained constant (titer = 1). A factor of 1/5 was
included to account for the amount of sample taken (10 mL)
in reference to the full volume of liquid used in the sample
incubations (50 mL). This method was then repeated using
Na,CO; as the reaction base to deprotonate lactone and
carboxylic acid groups.”®*° Lastly, NaHCO; was used in the
final reaction base to deprotonate carboxylic acid groups.”®?*°
Quantification of the acidic groups was done using the follow-
ing set of equations:

Ncarboxylic acids (mm01 perg AC)

_ ((Vsample‘NaHCO3 - ref,NaHCOg) X titer x C)titratorbasc (4)

Ju—

macc X -
5

Miactones (Mmol per g AC)

titrator base

_ ((Vsample.NaZCO3 - ref.NazCO3) X titer x C)

1
macc X ¢z
5

— Ncarboxylic acids
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Nphenols (mmOI perg AC)

_ ((VsampleﬁNaOH - VrefﬁNaOH) X titer X C)titrator base

(6)

macc X ¢
5

- (ncarboxylic acids 1 nlactones)

where Viample,natico, aNd Viample,Na,co, (ML) is the volume of
titrant used to reach the pH equivalence point for these reac-
tion bases and Viefnanco, and Vietna,co, represent the volume
of titrant needed to reach the equivalence point for the corres-
ponding reference blanks for these reaction bases.

2.4 Surface area and pore volume characterization

Activated carbon cloth surface area and pore volume were
characterized using density functional theory (DFT) analysis
in conjunction with an Autosorb iQ (Quantachrome Corpora-
tion) instrument equipped with Quantachrome®™ ASiQwin™
software. A mass (0.01-0.02 g) of each AC (X-AC, 30 min treated
H,0,-AC, and 30 min treated HNO;-AC) was washed with DI
water, dried overnight at 70 °C, and inserted into 9 mm Auto-
sorb columns. The samples were then outgassed for ~12 hours
at 200 °C using the two outgassing stations on the instrument.
Surface area and cumulative pore volume data were then obtained
from N, adsorption/desorption isotherm data (40 adsorption/
20 desorption data points) in the relative pressure range from
1077 to 1 bar at —196 °C. Density functional theory was then used
to calculate pore volumes and sample surface area.

2.5 Statistical analysis

RStudio was used to conduct the statistical analyses, utilizing
two-way analysis of variance (ANOVA) coupled with Tukey
testing and linear regression fitting commands. For these
analyses, p < 0.05 was considered significant. ANOVA/Tukey
tests were conducted to establish significance between quanti-
fied EAC/EDC data, predicted vs. observed EAC values, chemical
property data obtained from XPS and the Boehm titration, and
physical property analysis of surface areas and cumulative pore
volumes between the non-treated and treated materials. Linear
regression fitting was conducted to establish significance in the
correlation analysis between electron exchange capabilities
and physical/chemical properties and for parity plot analysis
comparing predicted EAC vs. observed EAC values.

3. Results and discussion

Our overarching goal was to evaluate strategies to increase PCM
electron exchange rates and capacities over short time scales.
To achieve this goal, we used an ACC obtained from a highly
pure feedstock (novoloid phenol-aldehyde fiber) and created a
set of ACCs with different chemical and physical properties
through immersion in chemical oxidants (H,O, or HNO;).*°
We then quantified their short-term EACs, EDCs, and electron
accepting rates using a mediated electrochemical method.
Finally, we developed relationships between the electron exchange
metrics and physical (surface area, pore volume) and chemical
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(oxygen content) properties to understand underlying reasons for
changes in electron exchange behavior.

3.1 Electron accepting capacities

We first conducted MER tests on the treated AC cloths (H,O,-
AC and HNO;-AC) and compared them to an non-treated AC
cloth (X-AC). Prior studies have studied EEC for as long as
multiple months.” Here we focused on short time scales of up
to a maximum of 5-6 hours.’ Within that time period, X-AC had
an average short-term total EAC of 1.80 £+ 0.13 mmols e” per
g-AC (Fig. 1). This value is substantially larger than previously
published EACs of biochars (~0.1-0.6 mmols e~ per g-PCM)
measured over timescales ranging from hours to >60 days,
though it is comparable to reported EACs of granular AC (GAC)
(~0.5-1.7 mmols e~ per g-AC) measured under unspecified
timescales.”'>*" The larger values found here could be asso-
ciated with the larger surface area (on a per gram basis) of the
AC cloth (>1000 m* g~* Kynol AC; <500 m* g~ ' biochar),
which provides a larger reactive surface area as well as the fact
that the AC used in this study was an engineered material of
high purity and low ash content. Ash content is typically higher
when natural materials such as wood are the feedstock. Ash
content can be associated with lower EECs due to pore block-
age, potentially limiting access to reactive sites and hindering
mediator diffusion.”!?%3?

Treatment with H,O, for 2 min resulted in a significant
increase (p < 0.05; relative to X-AC) of EAC to 2.45 + 0.10
mmols-e” per g-AC over a 2-3 hour period. Extending H,O,
treatment from 2 and 5 min to 30 min significantly increased
EAC, while results for the 2 and 5 min incubations were
statistically similar (p = 0.056). Treatment for 24 hour resulted
in an insignificant increase in EAC relative to the 30 min
treatment (p = 0.62; 3.35 £ 0.13 mmols-e~ per g-AC; Fig. S2),
indicating that 30 min was sufficient to produce a near maxi-
mum EAC over the 3-4 hour period examined.

Treatment with HNO; resulted in the largest increase in EAC
relative to X-AC. The EAC increased by 3.4 times after a
30 s HNO; incubation to 6.20 £ 0.05 mmols-e~ per g-AC. Five
and 30 min HNO; treatments increased EAC further to a max of

- =k =
F-N

0.5

Electron Accepting Capacity
(mmols e-/g-AC)

Fig. 1 Average electron accepting capacities of non-treated (X-AC),
H,O,-treated, and HNOz-treated ACCs. Numbers above individual bars
represent the amount of time (minutes) the ACCs were incubated in their
corresponding chemicals. Error bars represent the standard error of
triplicates.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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9.16 + 0.36 mmols-e” per g-AC (30 min treatment; 5.1 times
that of X-AC). Similar to the H,0, treatments, the 24-hour
treatment with HNO; produced an insignificant increase (p =
0.98; 9.4 + 1.3 mmols-e~ per g-AC) compared to the 30 min
treatment. Collectively these results show a strong dependence
of PCM short-term EAC on chemical type and duration of
treatment.

H,0, and HNO; treatment of PCMs has been reported in
prior studies, wherein slight or substantial increases were seen
in electron exchange, however these short-term EACs are larger
than many EACs reported over longer or unknown time
periods.”?%** Typically EACs are measured over the course of
hours, days, or under unspecified timescales.">° For example,
Prévoteau et al.’ reported biochar EACs in the range of 0.05-
0.4 mmols e~ per g-PCM measured over a 66 day period.
Additionally, Kliipfel et al.'® reported biochar EAC values in
the range of 0.25-0.91 mmols e~ per g-PCM under similar MER
testing conditions. AC samples however, have been shown to
reach much higher values compared to other PCMs, with a
maximum EAC of ~6 mmols e per g-AC reported in one study
for an HNO; treated GAC, although the timescale was
unreported.® The EAC values obtained here, which reach
values higher than those reported elsewhere, demonstrate that
large EACs can be achieved under relatively short
timescales.”'?® EECs can vary widely amongst the different
types of PCMs, as mentioned above. Our findings display the
equal importance of reporting timescale measurement for
comparison across PCM redox capacity studies.

3.2 Electron accepting kinetics

The rate of electron transfer to the ACCs depended on the
treatment and timepoint during the EAC tests (Fig. 2). Within
the first 30 minutes, X-AC accepted 0.95 + 0.01 mmols e™ per g-
AC. Across the H,0,-AC and HNO3-AC samples, roughly 1.5-2.0
times and 3.3-3.5 times more electrons were accepted,

8
7 []HNO,-AC
\ 30

o 6 N H.0,-AC %
E}% []x-Ac —5
3o 5 ~o05
< ¢ ’
L o4
o o
5 E 30
8’ 7
iw —

2 \25

1

0 7

0 0.5 1 1.5
Time (hr)

Fig. 2 Electron accepting capacity as a function of time for X-AC, H,O,-
AC, and HNO3-AC. Numbers attached to the individual lines represent the
amount of time (minutes) the ACCs were incubated in their corresponding
chemicals. Error bars represent the standard error of triplicates.
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respectively, relative to X-AC, indicating a much faster initial
electron transfer rate with treatment. Across all materials, the
30 min treated HNO;3-AC had the highest electron transfer rate
of 0.11 + 0.02 mmols e~ per g-AC per min within the first
30 minutes. For the remainder of the 1.5 hour period, X-AC had
an average electron transfer rate of 0.005 + 0.0008 mmols e~
per g-AC per min as determined from the slope of the linear
trend line from timepoints 0.5-1.5 hours. (Fig. $3-S5). Inter-
estingly, compared to X-AC, the average electron transfer rate in
30 min treated H,0,-AC sample, while substantially larger
across the first 30 min of monitoring, increased only slightly
across the period of 0.5-1.5 hours (0.009 + 0.0009 mmols e~
per g-AC per min). HNO;-ACs had a much larger rate across this
same period, with the maximum of 0.042 & 0.006 mmols e~ per
g-AC per min revealed in the 30 min treated samples. While the
30 min treated samples exhibited the largest rates during the
0.5-1.5 hour period of monitoring in both H,0,- and HNO;-AC
samples, variations in rate were evident based on treatment
time. Although H,0,-AC EAC rates were similar between the 2
and 5 min treated samples (Fig. S4), a large degree of variation
was seen across all HNO3;-AC samples (Fig. S5).

Many PCM-focused studies have reported total EACs, but
kinetic information is commonly unreported.>'>*® Some of the
only EEC rates to date were reported by Prévoteau et al.’
wherein EDC rates reached as high as 0.1 mmols e~ per g-
PCM per hour. Sun et al.® provided some quantitative data for
electron transfer rate constants to demonstrate kinetic differ-
ences between direct carbon matrix and functional group
electron transfer pathways. Across the majority of PCM-
focused studies, less attention has been given towards time-
scale tracking of EEC rates. The accelerated EAC rate changes
revealed here have implications for applications in which short
reaction times are desired. Additionally, the enhancements
seen here may prove relevant for electrocatalytic systems (e.g.
oxygen or hydrogen evolution reactions), an area that could
serve as the basis for future studies.’*** Across the first
30 minutes of monitoring, HNO;-AC reached a maximum of
3.33 £ 1.22 mmols e~ per g-AC accepted, a value ~1.8 times
that of the total short-term EAC of X-AC. By monitoring the
rates and timescales in this study, we find that large differences
can occur not only in PCM short-term total electron acceptance,
but also in the rate of PCM electron acceptance resulting from
chemical oxidative treatment.

3.3 Electron donating capacities

One possible explanation for the increased EAC after the
chemical treatments is that electrons stored in the X-AC cloths
were removed by the chemical oxidants. PCMs can naturally
store electrons, even if they are not reduced chemically or
electrochemically.*>*® The EDC of non-treated PCMs are in
the range of 0-7.0 mmols e~ per g-PCM, with values in the
range of 0.1-1 mmols e~ per g-PCM over time periods on the
scale of hours.’ It is plausible that oxidants, such as H,0, and
HNOj3;, can extract pre-existing electrons within PCMs by mod-
ifying redox-active sites and effectively impacting the distribu-
tion of oxygen functionalities.*”*® We conducted MEO tests on

Mater. Adv., 2026, 7, 447-458 | 451
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Fig. 3 Average electron donating capacities of 30-minute treated X-AC,
H,0,-AC, and HNOsz-AC. Error bars represent the standard error of
triplicates.

the X-AC and 30 min treated H,0,-AC and HNO;-AC cloths on
roughly the same timescale used in the EAC tests (Fig. 3). The X-
AC had an EDC of 3.71 4+ 0.38 mmols e~ per g-AC, which is
larger compared to previously reported EDCs and it is almost
double the EAC of the X-AC.>>*® Treatment with either of the
chemical oxidants resulted in a significant decrease (p < 0.05)
in EDC relative to X-AC. The difference in EDC between the
H,0, and HNO; treated samples was not significant (p = 0.53).
H,0,-treated AC resulted in an EDC of 2.64 + 0.10 mmols e~
per g-AC whereas the HNO;-treated samples had an EDC of
2.26 + 0.63 mmols e~ per g-AC. The difference in EDC between
the X-AC and the H,0,-AC and HNO;-AC samples was approxi-
mately 1.07 and 1.46 mmols e~ per g-AC, respectively. This loss
of previously stored electrons accounts for only ~62% and 20%
of the resulting EAC of the H,0,-AC and HNO;-AC samples,
respectively. Therefore, a decrease in stored electrons prior to
the EAC tests due to the chemical oxidants might explain some
of the increase in EACs but it does not explain the majority of
the increase.

3.4 Chemical properties of the non-treated and treated ACCs

Since H,0, and HNO; are oxidizing chemicals that influence
the surface chemistry of PCMs, we used x-ray photoelectron
spectroscopy (XPS) to determine if the treatments resulted in
the emergence of new oxygen-containing functional groups that
could help explain the increased EAC."*' We only studied
samples subjected to 30 min treatments because those tests
resulted in the most substantial changes in EAC relative to the
non-treated control. Carbon (C) 1s and oxygen (O) 1s peaks
were confirmed in X-AC based on the binding energies centered
at ~285 eV and ~ 530 eV, respectively (Fig. S6).*>*> Surveys of
the H,0,-AC and HNO;-AC samples were similar to those of
X-AC, but with increases in the O 1s peaks and decreases in the
C 1s peaks. The calculated total oxygen percentages for X-AC,
H,0,-AC, and HNO;-AC samples were 4.42 + 0.36 at%, 11.47 +
2.75 at% and 11.67 + 3.61 at%, respectively (Fig. 3A). The
increase in O content with treatment was expected. Li et al."
showed an almost identical increase in oxygen (from 3.62% to
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11.34%) after treating AC fiber with 30% H,O, for 16 hours.
Similarly, Mangun et al*' reported oxygen percentages of
5.84 at%, 9.95 at%, and 12.77 at% for X-AC fiber, 30% H,0,
treated, and concentrated HNO;-treated, respectively.

Deconvolution of the oxygen peaks to help identify putative
functional groups did not yield a clear trend across the treat-
ments (Fig. 4B). Rather than select individual functionalities,
classes of oxygen-containing functional groups were chosen to
help mitigate error in the deconvolution process. The classes
selected were aromatic and aliphatic groups containing C=0
bonds (e.g., quinones, ketones), and aliphatic groups contain-
ing a C=O0 bond as well as an additional C-O bond (e.g.,
ketones, ethers) because these groups have been implicated
in electron exchange.*****® Deconvolution revealed small
differences in the oxygen content present across samples.
Aromatic C=0 groups had the largest presence in both the
X-AC and H,0,-AC samples, whereas HNO;-AC oxygen content
was predominately comprised of aliphatic C—O groups. Based
on prior findings, it was expected that significant increases
would be found for aromatic C—O groups across both
treatments.”’ While our findings were consistent in the case
of H,0,-AC samples, a slight decrease was found in the HNO;-
AC samples for these groups. The lack of a clear or consistent
trend may have been due to the deconvolution process itself
(error and misinterpretation can occur when attempting to
identify functionalities that may have very similar binding
energies®) but also because XPS is strictly a surface analysis
tool and does not examine the chemical moieties present
within the pore structure.*®
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Fig. 4 (A) Atomic percentage of carbon and oxygen on the surface of the

X-AC, H,0,-AC, and HNO3z-AC. (B) Major carbon and oxygen-containing
surface functional groups on the X-AC and treated ACCs (H,O,-AC and
HNOs-AC) identified using XPS. Error bars represent the standard error of
triplicates.
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To understand elemental composition within the cloths and
not just the surface, CHN(O)S analysis was conducted on X-AC
as well as the 30 min treated H,0,-AC and HNO;-AC samples
(Table S1). For some samples, the data obtained from CHN(O)S
analysis differed from that obtained from XPS analysis (Fig. 5).
CHN(O)S values were lower than their XPS counterparts, but
only significantly lower (p < 0.05) for X-AC and H,0,-AC. X-AC
and 30 min treated H,0,-AC and HNO;3;-AC CHN(O)S oxygen
content values were 2.01 + 0.04 at%, 3.00 + 0.34 at%, and
10.0 £ 1.40 at%, respectively. While X-AC and HNO;-AC dif-
fered by roughly 2.41% and 1.67%, respectively, between the
two analysis types, the greater differences were seen in the
H,0,-AC samples with a difference of ~8.47%. These differ-
ences help provide mechanistic insight into how the treatments
affected the location of new oxygen functional groups. Since the
XPS results (surface-level analysis) were in closer agreement
with the CHN(O)S analysis (surface plus interior analysis) for
the X-AC and HNO;-AC materials, we conclude that there was
higher uniformity in the distribution of oxygen functionalities
on the outer and inner surface of those materials. In contrast
for H,0,-AC, the much larger difference across these methods
indicates that treatment with H,O, resulted in creation of
oxygen functional groups primarily on the outer rather than
inner surface.

Based on the CHN(O)S analysis, we calculated two elemental
ratios that have been associated with redox behavior. O/C and
H/C ratios indicate potential drivers of electron transfer.**° Sun
et al.? indicated that electron transfer was dominated by direct
transfer across the carbon matrix (e.g. electron conduction) for
materials possessing both low H/C and O/C values (~0.35 and
~0.09, respectively). At higher O/C ratios, the contribution of
surface functional groups to electron exchange increased,
resulting in a decrease in exchange rate.* The H/C values,
calculated from wt% averages, of X-AC, 30 min treated H,O,-
AC, and 30 min treated HNO;-AC samples ranged from 0.0036-
0.0059. The minimal differences across H/C ratios indicate
little to no change in electrical conductivity capabilities across
the treatments.> The O/C ratios, however, were significantly

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

. 12
z A
54 10
®© 73 —f—
OF g
2o
Qo
2o O
<g 4
5 & s
i‘g 2 y =0.9361x
L R?=0.9944

0

0 4 8 12 16
Oxygen Content (At-%)

. 12
z B
© 10
Q i)
o 73 T
09
>% 8
£
2o g -
Q ¢ PR
1
§ 2 D y =0.5407x
L R®=0.843

0

0 4 8 12 16

Oxygen Content (At-%)

[ Ix-Ac H,0,-AC [ |HNO;-AC

Fig. 6 PCM electron accepting capacity as a function of material oxygen
content obtained from (A) CHN(O)S analysis and (B) XPS analysis. Error bars
represent the standard error of triplicates (EAC/XPS) or duplicates
(CHN(O)S).

different (0.029-0.16 wt%; p < 0.05). These results support a
greater role of surface functional group changes than electron
conduction changes to the electron transfer differences seen in
our ACC materials.

Correlation plots between EAC and oxygen content obtained
from the two methods were compared to determine if one
method had stronger predictive power of EAC (Fig. 6). The
oxygen content obtained from XPS analysis exhibited a moder-
ate correlation with EAC (R*> = 0.84, p = 0.51), whereas oxygen
content from CHN(O)S analysis correlated strongly with EAC
(R*=0.99, p < 0.05). It is important to note that not all oxygen
content captured through both methods participates in elec-
tron exchange. Nevertheless, our results show a much stronger
relationship between EAC and the oxygen content based on
CHN(O)S analysis compared to XPS. Prior studies that evalu-
ated similar correlations showed good predictive power of
oxygen content based on XPS data. In those studies, biochar
was analyzed. Biochar has a small surface area (<150 m”> g~ )
and pore volume (<0.1 mL g~ ') compared to the ACC in this
study.>® Comparison of carbon and oxygen contents (wt%)
obtained from CHN(O)S and XPS analyses of low surface area
biochars showed almost identical results between the analyses
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types.®® We hypothesize that our findings differ from studies on
biochar because of the large pore volumes and deep internal
surface areas of the ACCs that are best probed using bulk
sample analysis like CHN(O)S rather than XPS.

To probe more deeply into the relationships between the
redox-active portion of oxygen groups measured via CHN(O)S
analysis, we subtracted off non-redox groups measured using
the Boehm titration. The Boehm titration quantifies a mix of
redox (phenols; primarily electron donors) and non-redox-
active (carboxylic acids + lactones) acidic oxygen containing
functional groups.*' The difference between these groups and
those quantified via CHN(O)S analysis can give better insight
into the presence of oxygen species capable of accepting
electrons.”®*® We conducted the titrations on the 30 min
treated X-AC, H,0,-AC, and HNO;-AC samples. The total acidic
oxygen content was slightly lower than the total oxygen content
measured by CHN(O)S analysis (Fig. 7). After converting the
CHN(O)S oxygen content units (eqn (S2)) to those from the
Boehm titration, the Boehm results were subtracted from these
values. We hypothesize that the difference represents putative
redox-active functional groups that could accept electrons. The
quantity of these functional groups were 0.76 + 0.14, 0.81 +
0.35, and 4.59 £ 1.22 mmols-O per g-AC for X-AC, 30 min
treated H,0,-AC, and 30 min treated HNO3-AC, respectively.

Assuming each mmol of these redox-active oxygens could
accept 2 mmols electrons,’>”* we calculated predicted EACs of
1.53 £0.29, 1.61 + 0.70, and 9.17 + 2.45 mmols e~ per g-AC for
X-AC, 30 min treated H,0,-AC, and 30 min treated HNO;-AC,
respectively. Based on a parity plot comparing the predicted
EACs to our observed EACs (Fig. 8), we saw strong agreement
for the X-AC and HNO;-AC samples. However, the H,0,-AC
values fell below the 1:1 line, indicating that the predicted
values were lower than the observed EAC. The good agreement
for the X-AC and HNO;-AC samples are likely due to quinones
contributing to the majority of the putative redox-active oxygen
groups. Quinones have been well characterized in PCMs. They
are reduced through a two electron reaction.’>>* These groups
have been implicated in PCM electron exchange activity, given
their redox reversible nature.>**> On carbon materials, HNO;

H,0,-AC
[ ]x-Ac

1 2 3 4 5
Acidic Oxygen Content (mmols/g-AC)

o

Fig. 7 Boehm titration results revealing the total acidic oxygen content
for X-AC, 30 min treated H,O,-AC, and 30 min treated HNOz-AC. Error
bars represent the standard error of triplicates.
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10 12

oxidation results in the formation of both basic and acidic
functional groups, including carbonyls, carboxylic acids,
phenols, etc., via reactions with aromatic rings present within
carbon and oxidative ions such as NO;.>! Gerber et al.’® found
that in the early stage oxidation (0-1 hour) of carbon nanotubes
by HNO;, deposited oxygen containing functional groups were
primarily quinones and phenols. Our 30 min treated HNO3;-AC
samples are consistent with this finding given the large
presence of phenol groups revealed via the Boehm titration,
which would not accept electrons, (Fig. S10), and the increased
electron accepting activity revealed in MER analysis, potentially
due to quinone deposition.

The under-prediction in the H,0,-AC indicates the potential
instability of oxidation by H,O, over long time periods. MER,
XPS, and Boehm titration data were collected within 24-48 hours
of H,0, treatment, leaving little time for any natural decomposi-
tion or loss of surface oxygen content. However, CHN(O)S analysis
was outsourced, resulting in a large gap (>1 month) between
treatment and analysis. It has been reported that AC surface
oxygen groups deposited via H,O, treatment decompose signifi-
cantly over a timescale of > 50 days.>” Therefore, it is plausible that
some redox-active surface groups formed via H,O, treatment
(e.g. peroxy groups), while increasing EAC in the short term, may
not be stable in the long term.*® Further, it has been established
that AC materials can decompose hydrogen peroxide resulting in
the formation of water (H,O) and oxygen gas (0,).> It is also
known that AC materials can adsorb O, (another potential electron
sink during MER), though it is readily removed through thermal
methods.®® Given the drying step performed prior to CHN(O)S
analysis, as described above, it is possible that the EAC under
prediction is due to loss/displacement of previously adsorbed
oxygen gas which could have theoretically accepted electrons
during the EAC tests.®’ Towards establishing some validity
to these claims, we mimicked the drying process conducted
prior to CHN(O)S analysis and allowed extended time to pass

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(~1.5 weeks) before MER analysis of our 30 min treated H,O,-
AC sample. Between these samples, and our original data, we
found a slight decrease in EAC as well as a higher degree of
fluctuation across our replicates (Fig. S11). Although not sta-
tistically significant (p = 0.056) these results show the potential
for decrease in H,0, deposited oxygen containing functional
groups, even over a shorter time-period.

3.5 Physical properties of the non-treated and treated cloths

To understand changes in PCM physical characteristics result-
ing from chemical treatment and to determine any potential
relationships with electron exchange kinetics and capacities,
we compared the cumulative pore volumes and surface areas of
our materials before and after the chemical treatments (Fig. 9).

We evaluated the surface area and pore volume of our ACCs
because these properties influence accessibility and abundance
of reactive sites. The X-AC had a cumulative pore volume of
0.626 + 0.016 mL g ' and a total surface area of 1518.5 =+
10.5 m> g, which are consistent with previous reports.***
Treatment with H,0, for 2 min resulted in pore volume and
surface area values of 0.612 £ 0.006 mL g~ and 1512.9 +
12.9 m” g ! respectively, indicating essentially no change (p >
0.05). Conversely, the 30 min treatment resulted in a significant
decrease (p < 0.05) in both cumulative pore volume (0.576 +
0.006 mL g~ ') and surface area (1428.8 + 11.3 m> g~ '). The
0.5 min treated HNO3-AC sample had pore volume and surface
area values of 0.529 + 0.006 mL g " and 1348.7 £ 9.21 m* g,
respectively, which further decreased to 0.472 + 0.001 mL g~ *
and 1264.5 + 10.4 m”> g ', respectively, after the 30 min
treatment. Of the total “lost” pore volume, roughly 67% and
63% could be attributed to micropore (0-2 nm width) loss in
H,0,-AC and HNO;-AC samples, respectively (Table S1). These
findings are consistent with previous studies that have used
oxidative techniques. For example, Li et al." reported a surface
area decrease from 1480 m”> g~ ' to 1350 m> g~ " for AC fiber
after soaking in 30% H,0,. Although additional physical charac-
teristics such as mechanical strength were not directly mea-
sured, no apparent physical integrity changes were observed in
our ACCs. Mechanical durability may, however, warrant con-
sideration for future works wherein direct applications for flow-
through or variable hydrodynamic systems are studied. Addi-
tionally, physical characteristics such as hydrophobicity should
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Fig. 9 Physical property results for 30-minute treated X-AC, H,O,-AC,
and HNO3-AC. (A) Cumulative pore volumes for non-treated and treated
materials. (B) Specific surface area values for non-treated and treated
materials. Error bars represent the standard error of three replicates.
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also be considered in future studies due to its role in material
and pore wettability.®*

Collapsing small pores and building new connectivity across
and within internal pore networks could have contributed
to the improved electron accepting kinetics and capacities
observed in our EAC tests. Microscale pores have been impli-
cated in slowing the diffusion of mediators towards reactive
sites during mediated electrochemical tests.'®"” Increasing the
size of those pores can therefore accelerate transfer of media-
tors in and out of the ACC. Our results showing that the HNO;-
AC had the highest electron transfer rates but smallest micro-
pore volume support this hypothesis. Additionally, previously
inaccessible moieties may become available as isolated pores
are opened, resulting in higher EECs.*'>'® Our finding that
EAC was negatively correlated with surface area is not consis-
tent with many prior studies, but is logical considering the
chemical treatments used in this study.*”*> The chemicals
changed multiple properties at the same time, including oxy-
gen content, surface area, and pore volume, but they most
strongly impacted oxygen content. Oxygen content increased
upwards of four-fold, whereas the largest decrease in surface
area was only approximately 17%. Prior studies often cite the
development of oxygen-containing functional groups alongside
an increase in surface area, where the combination of those
two properties were the likely reason for increased electron
exchange.*”®® While the collapse of micropores likely aided in
small part in increasing EAC rate and short-term total EAC
through enhanced internal conductivity and access to inherent
or newly formed redox-active oxygen sites, the primary mode of
action for the chemical oxidants is increased oxygen content.
This, alongside the fact that these materials maintained a
strong conductive carbon matrix (low H/C ratios) across the
treatments, highlights that oxygen content is the primary factor
associated with increased short-term EAC rates and total in
these tests and that large surface area alone is not necessarily
critical for increasing EAC. Alkaline treatments (e.g. KOH,
NaOH) have also been shown to increase porosity and defects in
PCMs.%*%° These, and other alkaline solvents, could be utilized
for further analysis of the impact porosity expansion on PCM
electron exchange while potentially minimizing redox-active
functional group interference.**

4. Conclusions

Our overall objective was to develop PCMs with faster electron
exchange and higher electron acceptance over short time periods
(<6 hours). We soaked activated carbon cloths (ACCs) in the
chemical oxidants H,0, and HNO; to alter the material properties.
We determined the impact of chemical treatment on short-term
electron transfer kinetics and total electron accepting capacity
(EAC) through examining the relationships between these perfor-
mance metrics and oxygen content, oxygen-containing functional
groups, surface area, and pore volume. Our major findings are:

e Treatment with HNO; (HNO;-AC) for 30 min resulted in
the largest EAC increase relative to the non-treated AC (5.1x)
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over a 5-6 hour incubation. Treatment with hydrogen peroxide
(H,0,-AC) also resulted in significant EAC increases, reaching a
maximum of 1.9x relative to the non-treated AC.

e The kinetics of electron transfer increased with each
treatment in the first 30 minutes. Afterwards, the rates for
X-AC and H,0,-AC were similar for the remaining hour. The
HNO,-AC exhibited the highest rates throughout the entire test.

e Total oxygen content increased due to H,O, and HNO;
treatment as revealed by XPS analysis, CHN(O)S analysis, and
the Boehm titration. Oxygen content obtained via CHN(O)S had
the strongest correlation with EAC, highlighting the potential
limitations of XPS analysis on materials with deep internal
surface area and porosity.

e EAC values predicted based on the subtraction of non-
redox active oxygen content (Boehm titration data) from total
oxygen content (CHN(O)S data) agreed well with observed EAC
values in X-AC and HNO;-AC samples, but not in H,0,-AC
samples. The under-prediction in H,0,-AC samples is likely due to
decomposition of some oxygen-containing surface groups over
time.>”

e EAC increased significantly with each treatment despite
decreases in surface area and pore volume, a finding most
apparent in the HNO;-AC samples. These results, although
contrary to correlations drawn between EAC and PCM physical
characteristics in previous studies, are logical considering the
large increase in oxygen content as well as the increased access
of mediators to reactive sites caused by micropore collapse/
widening.
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