Downloaded viaNORWEGIAN UNIV SCIENCE & TECHNOLOGY on January 25, 2023 at 11:41:21 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

E]]] MATERIALS

Ho®

pubs.acs.org/cm

Can Temperature-Programmed Techniques Provide the Gold
Standard for Carbon Surface Characterization?

Felix Herold,* Jan Glasel, Bastian J. M. Etzold, and Magnus Renning™

Cite This: Chem. Mater. 2022, 34, 8490-8516

I: I Read Online

ACCESS |

[l Metrics & More

| Article Recommendations

ABSTRACT: Due to their chemical and thermal stability,
electrical conductivity, and high specific surface areas, nanocarbons
and porous carbon materials have found use in numerous key
applications within the current transition of energy and raw-
material sources. Since all these applications rely on multiphase
interactions between the carbon surface and surrounding solid,
liquid, or gaseous phases, carbon surface chemistry is elevated to a
critical factor of influence. However, the characterization of carbon
surface chemistry is notoriously complex, involving carbon defect
sites and chemically similar heteroatom species in a wide range of
different binding states and chemical environments. Due to this
high degree of complexity, a comprehensive characterization of
carbon surface species and reactivity is a major challenge for which

there is no analytical “silver bullet” but is fundamental to the rational development of advanced functional carbon materials. In this
context we would like to highlight the potential of temperature-programmed techniques (TPX) for carbon surface analytics, which
benefit from widely available, easy-to-handle equipment and offer information on the identity, quantity, and reactivity of surface
species. Hence, this article reviews the state of the art concerning temperature-programmed techniques for carbon surface
characterization, focusing not only on the qualitative and quantitative analysis of carbon surface species but also on the unique ability
of temperature-programmed methods to assess carbon surface reactivity. In this context, progress made so far in temperature-
programmed desorption, temperature-programmed reduction, and temperature-programmed surface reactions is discussed,
highlighting pitfalls and gaps in knowledge. Based on this foundation, strategies for the further development of temperature-
programmed methods for carbon surface analysis are proposed, aiming to establish TPX as the future gold-standard in carbon

surface characterization.

1. INTRODUCTION

Functional carbon materials play a key role in sustainable
energy storage and conversion processes,” 88 separation and
storage,”* water purification,” and catalysis.””* This wide field
of application for functional carbon materials can be attributed
to a combination of favorable properties such as porosity, high
electric conductivity, broad thermal and chemical stability, and
tunable surface chemistry. The character of a functional carbon
material is determined by the interplay of texture (specific
surface area and pore size distribution), microstructure
(hybridization and crystallinity) and surface chemistry, which
is in turn is defined by the presence or absence of defect sites
or heteroatoms. Since multiphase processes that rely on the
interaction of solid, gaseous, liquid, or dissolved species with
the carbon surface represent the lion’s share of applications,
carbon surface chemistry and reactivity play a fundamental role
in the design and performance of functional carbon materials.
For example, this point is perfectly illustrated by membrane
electrode assemblies in polymer—electrolyte fuel cells, where
functional carbon materials stand in direct contact with solid
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(ion-conducting polymer and Pt electrocatalysts), liquid
(H,0), and gaseous (H,, O, and H,0) phases. These
functional carbons are required to perform a wide variety of
tasks simultaneously, ensuring electrical contact, the dispersion
and stability of the Pt catalyst, and the transport of reactants to
and the removal of reaction products from the catalytically
active sites.'”""

This multifunctionality of carbonaceous materials is in large
part enabled by the tunable, rich surface chemistry that results
from a particularly high diversity of surface species. However,
the downside of this rich carbon surface chemistry is its highly
challenging analysis, since the diversity of chemically similar
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Figure 1. The high diversity of similar carbon surface species, for example, oxygen surface groups, presents a challenge to any individual analysis
method, requiring the combination of multiple analysis techniques in order to obtain a meaningful qualitative and quantitative assessment of carbon

surface species.

carbon surface species ultimately hampers any attempt at
qualitative and quantitative analysis. In this sense, Figure 1
illustrates the lack of any analytical “silver bullet”, with X-ray
photoelectron spectroscopy (XPS), titration (potentiometric
titration and Boehm titration), temperature-programmed
techniques (TPX), and infrared (IR) spectroscopy being the
most common analytical tools. Consequently, the comprehen-
sive analysis of carbon surface species and reactivity can only
be achieved by combining several methods. However, it is also
implied that continued investment in the development of each
individual method offers the potential to significantly facilitate
the complicated task of characterizing the surfaces of carbons
and also provides new pathways toward previously inaccessible
information.

In this contribution, we want to make the case for the
further development of temperature-programmed analysis
techniques (TPX), as we believe that a high return of
investment can be expected. This expectation is based mainly
on the unique ability of TPX methods to provide both
qualitative and quantitative analyses of surface species while
further providing access to information on the reactivity of the
carbon surface (e.g. acidity, basicity). In order to develop a
perspective on what further progress in the analysis of surface
species and carbon surface reactivity using TPX might look
like, a review of the state of the art is provided that focuses on
identifying opportunities for the further advancement of TPX
analysis. In this sense, temperature-programmed techniques
will be subdivided into temperature-programmed desorption
(TPD), temperature-programmed reduction (TPR), and
temperature-programmed surface reaction (TPSR), with the
focus on the analysis of sp>-hybridized carbons. Whenever
possible, we try to discuss underlying chemical mechanisms
and their implications for accurate TPX analysis, with an
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emphasis on potential pitfalls and gaps of knowledge. Without
intending to reiterate textbook knowledge extensively, the
influence of the experimental setup and the impact of mass
transfer limitations on TPX measurements are briefly
discussed. Finally, a perspective on the future of temper-
ature-programmed analysis techniques in carbon surface
science is provided with the goal of stimulating the further
development of this set of analytical methods.

2. GENERAL CONSIDERATIONS

In general, temperature-programmed techniques for the
analysis of carbon surface species are carried out by subjecting
the sample to a temperature ramp in either an inert or reactive
atmosphere. This temperature ramp induces processes such as
thermal decomposition, desorption, reduction, or catalytic
transformations, which are detected by a suitable off-gas
analysis as a function of temperature. Since every individual
process is governed by intrinsic kinetic parameters that follow
Arrhenius’ law, the utilization of a temperature ramp allows
them to be induced and detected in a time-separated manner.
Accordingly, TPX analysis allows conclusions to be drawn
about a wide range of different properties, such as the identity
and quantity of physi- or chemisorbed species on the carbon
surface, the strength of interaction between adsorbates and the
carbon surface, or the reactivity of the carbon surface toward
gaseous reactants (e.g., O,, CO,, H,).

TPX analysis is generally subdivided according to the
atmosphere that is used during the temperature ramp (Figure
2). In this context, temperature-programmed desorption
(TPD) is generally carried out in inert atmospheres and is
aimed at the analysis of adsorbates that are either present on
the carbon surface before the experiment or are deliberately
introduced as molecular probes (e.g,, ammonia to characterize
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Figure 2. Temperature-programmed methods for carbon character-
ization make use of temperature ramps in order to initiate and detect
heat-induced processes in a time-separated manner. Temperature-
programmed desorption (TPD) is used to analyze adsorbed species
(which might be deliberately introduced by a preadsorption step) in
inert atmospheres. Temperature-programmed reduction (TPR) and
temperature-programmed oxidation (TPO) probe the susceptibility
for reduction and oxidation, respectively, and are carried out in the
presence of hydrogen in the case of TPR and oxidants such as oxygen
or carbon dioxide in the case of TPO. Temperature-programmed
surface reactions (TPSRs) use the catalytic transformation of an
arbitrary molecular probe in order to examine the reactivity of surface
species in that particular catalytic process.

the surface acidity) by a preadsorption step before the
temperature ramp is employed. The temperature ramp initiates
the heat-induced desorption of adsorbates, thus offerin
ginformation concerning the identity and quantity of
adsorbates as well as the strength of interaction of adsorbates
with the carbon surface, which correlates with the desorption
temperature. Temperature-programmed reduction (TPR) is
carried out in the presence of hydrogen (or other reducing
species such as CO or CH,) in order to examine the reduction
of carbon surface species or even the carbon backbone.
Similarly, temperature-programmed oxidation (TPO) uses
temperature ramps in the presence of oxidants such as oxygen
or carbon dioxide in order to probe the susceptibility of the
carbon sample to oxidation. Finally, temperature-programmed
surface reaction (TPSR) uses the catalytic transformation of an

arbitrary molecular probe in order to examine the reactivity of
surface species in that particular catalytic process. Against this
backdrop, this article is subdivided into three main chapters
discussing temperature-programmed desorption, temperature-
programmed reduction, and temperature-programmed surface
reaction, with a focus on the characterization of carbon surface
species in terms of identity, quantity, and reactivity. Temper-
ature-programmed oxidation is not discussed, as it is not
considered to be a method for carbon surface characterization
and is thus not within the scope of this work.

Concerning the setup used to carry out temperature-
programmed analysis of carbons, the online off-gas analysis
and the reactor geometry demand particular attention. Online
off-gas analysis for TPX experiments is required to offer an
appropriate compromise between a high time resolution, low
detection limits, and the ability to identify and quantify
multiple species simultaneously. This compromise is best met
by mass spectrometry or IR spectroscopy, since thermal
conductivity detectors lack the ability to detect and quantify
multiple species simultaneously and gas chromatography is not
recommendable due to its low time resolution. At this point it
should be noted that the terms “signal”, “peak”, and the like in
the following refer exclusively to the outcomes of the actual
TPX experiments and not to results (e.g., mass spectra and IR
spectra) generated directly by the analytical system. As
reactors, plug-flow setups and thermogravimetric balances are
widely used. Plug-flow setups rely on a tubular reactor in which
the carbon sample is fixed and the inert or reactive gas is
passed directly through the sample bed. In the case of
thermogravimetric balances, various reactor geometries
combined with different flow regimes exist; however, mostly
cup-shaped crucibles are used as sample holders, and the inert
or reactive gas is rarely passed directly through the sample.'>"?
The different flow regimes and reactor geometries of the two
described setups lead to differences in the residence time
distribution and the mass transfer behavior and in consequence
to deviating analysis results. In case of TPD measurements in a
thermogravimetric balance, a desorbing molecule leaving the
pore system of a carbon sample must bridge the “zone of low
convection” in the crucible above the sample by diffusion
before being transported to the off-gas analysis by convection
around the sample holder. In contrast, the gas flow directly
through the sample bed in the plug-flow setup guarantees a
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Figure 3. [a] Reactor geometry has a significant influence on mass transfer during TPX experiments. Zones of low convection in crucibles used in
thermogravimetric balances represent a significant mass transfer barrier, especially in comparison with plug-flow setups. [b] The intrinsic reaction
rate of a heterogeneous reaction taking place at the surface of a porous particle displays an exponential dependency on the temperature, while pore
and film diffusion rates exhibit less pronounced temperature dependencies. In consequence, by applying heating ramps in TPX experiments, the
effective reaction rate (r.) may be governed by intrinsic kinetics (I), pore diffusion (II), and film diffusion regimes (III).
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Figure 4. [a] Structures of various prominent surface oxides on carbon materials and [b] typical TPD desorption patterns of CO,, CO, and H,0
for a polymer-derived (phloroglucinol/formaldehyde) carbon oxidized with HNO; (heating rate of 5 °C min~", 30 mL min~' He, 50 mg of sample,
performed in a thermogravimetric balance). Reprinted with permission from ref 25. Copyright 2021 Elsevier.

much smaller offset between the desorption and detection of
volatiles at the price of a lack of information on sample mass
change provided by thermogravimetric balances (Figure
3)'12,13

The influence of mass transfer during TPX analysis of
carbon materials is especially pronounced in case of experi-
ments that rely on the interaction between a gaseous reactant
and the carbon sample. Taking the temperature-programmed
reduction of a carbon surface species in hydrogen as an
example, the intrinsic reaction rate of reduction increases
exponentially according to Arrhenius’ law as the temperature
increases. For the reaction to proceed, hydrogen has to be
transported to the carbon surface, which is provided by a
sequence of film diffusion and pore diffusion independent of
the reactor setup, whereas the influence of temperature on the
rate of diffusion is usually far less pronounced than on the
intrinsic reaction rate.'* Consequently, as the temperature
increases, the rate of hydrogen consumption exceeds the rate
of hydrogen delivery, leading to a depletion of the hydrogen
concentration at the carbon surface. In this situation, the
observed reaction rate will be governed by the rate of hydrogen
diffusion and as such will be limited by mass transfer. The
extent to which the mass transfer limitation influences the
result of the measurement and impedes the subsequent
interpretation depends on experimental parameters (heating
rate, gas flow rate, hydrogen concentration) as well as sample
characteristics (particle size, porosity, catalytic impurities).
Reactor geometry plays of course a pivotal role, as diffusion
pathways tend to be significantly longer in sample holders
commonly utilized in thermogravimetric balances compared to
plug-flow setups in which reactive gases are passed directly
through the sample bed. In this sense diagnostics are key,
meaning that the presence or absence of internal or external
diffusion limitations should be carefully checked, for example,
by consulting the Weisz—Prater criterion and performing
appropriate validation experiments (e.g., variation of flow rates,
variation of heating rates).

The point to be emphasized is that the comparison of
temperature-programmed experiments, especially those that
rely on reactions of carbon with gaseous reactants, has to be
treated with special caution. Experiments that are conducted in
different setups, use different experimental parameters, or
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examine samples of widely differing properties (e.g, porous
versus nonporous, large versus small particles) can in principle
only be compared on the basis of intrinsic kinetic parameters,
while any mass transfer limitation must be excluded.

3. TEMPERATURE-PROGRAMMED DESORPTION

3.1. Characterization of Heteroatom Functional
Groups. 3.1.1. Oxygen Functional Groups. Due to the
well-documented affinity of carbon materials for oxygen, most
of the research effort with respect to temperature-programmed
desorption has so far been directed toward the analysis of
carbon surface oxides.”'*™' Some commonly encountered
oxygen surface groups are carboxylic acids and carboxylic acid
derivatives such as lactones and carboxylic acid anhydrides.
Furthermore, ethers, various alcohols, and carbonyl groups
such as aldehydes, ketones, and quinones are common surface
groups (Figure 4).'“”*7** Depending on their chemical
structures, carbon surface oxides exhibit different thermal
stabilities and decompose in a temperature range between 200
and 1200 °C. In an inert atmosphere, typical decomposition
products are CO,, which is released by the desorption of
carboxylic acid derivatives, and CO, which is emitted during
the thermal decomposition of alcohols, ethers, aldehydes,
ketones, and quinones.lé As illustrated by Table 1,
considerable effort has been directed toward assigning CO
and CO, evolution maxima to individual surface oxides during
TPD.

Most assignments are conducted by studying the reactivity
of surface oxides and by combining various methods such as
titration, XPS, and IR spectroscopy with TPD."®'**” In this
context, one widely applied method of identifying the
decomposition temperature of an individual surface oxide is
the heat treatment of an oxidized carbon sample in inert
atmosphere at a specified temperature and the subsequent
analysis of the annealed sample by other analytical
techniques.'®'*****%” In addition, Barco and co-workers
employed density functional theory (DFT) calculations using
polyaromatic hydrocarbons as backbones to examine the
thermal stabilities of various surface oxides.”® Nevertheless, in
some cases the assigned desorption maxima show considerable
differences most likely caused by the structural diversity of the
studied carbon materials (providing energetically different
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Table 1. Desorption Temperatures and Decomposition Products of Various Prominent Carbon Surface Oxides

Decomposition  Desorption Carbon
Surface oxide . Reference
product(s) temperature material
327°C PDC [18]
100 - 400 °C PDC [20]
327°C AC? [26]
237447 AC? 17
3 o 200-250°C Carbon fiber [27]
Carbt.)xylic _« co. 127-677°C PAH (DFT)S [28]
acids S ou 340°C MWCNT [29]
310°C MWCNT [30]
300°C MWCNT [31]
252°C MWCNT 132]
275°C MWCNT 133]
627 °C PDC! [19]
627 -727°C AC? [17]
667 °C AC* [16]
350-400 °C Carbon fiber [27]
e 190 - 650 °C Graphite 134]
Lactones CO; 557 —607 °C PAH (DFT)® [28]
/ ¢ 650 °C MWCNT [29]
: 625 °C MWCNT [30]
750 °C MWCNT [31]
252 -620 °C MWCNT [32]
650 °C MWCNT [33]
627 °C PDCt [18]
627 °C PDC [19]
547 °C AC [16]
527 -627°C AC? [17]
777°C AC? [26]
_40 >300 °C ACE [35]
Anhydrides o} CO +CO: 350-450°C Carbon fiber [27)
—« 357-527°C PAH (DFT)® [28]
: . 470°C MWCNT [29]
440°C MWCNT [30]
470°C MWCNT [31]
315-620°C MWCNT [32]
435 - 460 °C MWCNT [33]
700°C PDC [20]
>670 °C MWCNT [29]
Ethers co 960 °C MWCNT 31]
/ g 620 - 800 °C MWCNT [32]
: 735 °C MWCNT [33]
410-510°C PDC’ [36]
667 - 717 °C AC? [17]
632°C AC* [16]
%, 600 — 700 °C Carbon fiber [27]
Alcohols :.;_OH = 700°C MWCNT [29]
725°C MWCNT [31]
620 - 800 °C MWCNT [32]
735°C MWCNT [33]
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Table 1. continued

Decomposition  Desorption Carbon
Surface oxide . Reference

product(s) temperature  material

700 °C PDC! [20]

680°C PDC” [36]

s 800 —900 °C Carbon fiber 12771

o 387 & 1367 °C PAH (DFT)® [28]

Ketones | . >=0 co 280°C MWCNT [29]

75 € MWCNT 31]

800 - 1000 °C MWCNT [32]

920°C MWCNT [33]

700 °C PDCt [20]

680 °C PDC? [36]

800 -900 °C Carbon fiber [27]

(o] 847 -882°C PAH (DFT)3 [28]

Aldehydes _4 co 280°C MWCNT [29]

: 310°C MWCNT [30]

500 °C MWCNT [31]

800 — 1000 °C MWCNT [32]

700 °C PDCt [20]

877°C AC? [26]

i 817-877°C AC? [17)

o 807 °C AC* [16]

Quinones i\/\ﬁ co 800-900°C | carbon fiber [27)

; (o) 700 °C MWCNT [29]

>670°C MWCNT [30]

800 — 1000 °C MWCNT [32]

920°C MWCNT [33]

!Polymer-derived carbon; micro- and mesoporous carbon derived from a phenol/formaldehyde resin. *Activated carbon produced by the pyrolysis
of olive stones and steam activation. ®Activated carbon produced by the pyrolysis of coconut shell and steam activation. “NORIT ROX 0.8
activated carbon. DFT study using poly aromatic hydrocarbons (PAH) as a backbone for examining the thermal stability of various functional
groups. ®Activated carbon produced by the pyrolysis of almond shells and steam activation. “Polymer-derived carbon; amorphous micro- and
mesoporous carbon derived from a soft-template approach involving phloroglucinol/formaldehyde as carbon source and Pluronic F127 as soft-

template.

chemisorption sites) and by the chemical similarity of carbon
surface oxides, meaning that even the combination of
numerous analytical methods sometimes fails to provide
unambiguous results. In light of this situation, selectively
functionalized reference materials were recently proposed by
Herold et al. as a feasible approach to address this challenge
(Figure 5).%° For instance, a reference material for hydroxyl
groups could be synthesized by the reduction of a preoxidized
polymer-derived carbon with lithium aluminum hydride, which
allowed the direct determination of the desorption maxima of
primary alcohols (410 °C) and phenolic hydroxyl groups (510
°C). However, it should be noted that in case of a quantitative
reduction of the oxygen surface ensemble, no CO, evolution
would be expected. Thus, the observed CO, evolution is either
a sign of an incomplete reduction or the reoxidation of the
carbon surface as a result of air exposure after the LiAlH,
treatment, indicating that this organic chemistry approach
toward reference materials may be feasible but still requires
improvement.

However, not all functionalization strategies are feasible for
synthesizing reference materials for TPD, as widely deployed
functionalization strategies for carbon materials involving the
attachment of s%)eciﬁc functional groups via linkers to the
carbon surface®®”” were proven to be inadequate for producing

reference materials for TPD. Since the thermal stability of
grafted moieties tends to be limited by the stability of the
corresponding linker, desorption temperatures of linker-bound
functionalities differed significantly from those of (cyclic,
conjugated) surface oxides introduced by the oxidation of the
carbon matrix, which are situated directly on the carbon
surface.>® In this sense, besides LiAlH, reduction, the
enrichment of carbon surfaces with specific surface oxides in
direct contact with the carbon matrix could also be
demonstrated by combining selective desorption by heat
treatment with hydrolysis and condensation of functional
groups introduced in advance by oxidation.”® However, even
though heat treatments are widely applied for the production
of carbons with different surface oxide profiles, the selectivity is
often poor due to overlapping desorption ranges of individual
surface oxides. Viable routes to useful analytical standards
therefore appear to be leading either via direct selective
chemical transformation (using methods of organic chemistry)
of surface oxides that are already present or via selective
oxidations that allow the targeted introduction of individual
surface oxides.

In TPD patterns of nonselectively oxidized carbon materials,
the number of CO and CO, evolution maxima typically falls
short of the number of individual oxygen groups expected on
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Figure S. [a] The direct reduction of a HNO;-oxidized polymer-
derived carbon (O-PDC) with LiAlH, yields a carbon surface that is
occupied solely by hydroxyl groups, thus representing a reference
material for hydroxyl groups. [b] Comparison of the TPD CO and
CO, emission profiles of the oxidized carbon (O-PDC, dashed lines)
and the LiAlH,-reduced carbon (O-PDC-LiAlH,, solid lines; heating
rate of 5 °C min~', 30 mL min~"' He, 50 mg of sample, performed in a
thermogravimetric balance). Reprinted with permission from ref 36.
Copyright 2021 Elsevier.

the corresponding material. The reason for this is found in the
considerable signal width, where the overlap of the broad
desorption peaks of individual surface oxides results in the
observed shape of the CO and CO, evolution profiles. Signal
broadening is often attributed to oxygen chemisorption at sites
that differ energetically, whereas a broad distribution of various
chemisorption sites is ex3pected, especially for disordered sp*/
sp>-hybridized carbon.'®** On the other hand, the signal width

is heavily influenced by nonintrinsic factors such as
experimental parameters (heating rate, volume flow of inert
gas), the residence time behavior of the employed apparatus,
mass transport limitations caused by pore diffusion, etc. In
order to circumvent this signal overlap and gain quantitative
information, Figueiredo, Pereira, and co-workers proposed the
deconvolution of the CO and CO, evolution profiles, whereas
the desorption signal of every expected surface oxide is
modeled with a Gaussian profile (Figure 6).'”'” Gaussian
functions are utilized under the assumption that every surface
oxide exhibits a random distribution of binding energies, thus
requiring symmetrical model functions. Starting parameters for
the fit are usually desorption maxima of expected surface
oxides, while the temperature range for the width of the model
functions is also often restricted to a reasonable interval that is
similar for all modeled surface groups. Finally, secondary
reactions are assumed to be negligible.”’

Since this deconvolution technique appeals by simplicityy
and opens a pathway for the quantification of TPD results, a
wide variety of studies have applied this method for the
analysis of carbon surface oxides.'*~'”?******~** Comparing
TPD quantification results to those of titration methods and
XPS experiments enables a valuable “sanity check” of the
overall analysis of carbon surface oxide ensembles and helps to
eliminate ambiguities.'>*>3****

Beyond mathematical fitting, Diingen et al. recently
proposed a method that relies on nonlinear temperature
profiles to disentangle the overlapping desorption range of
different surface oxides (Figure 7).”” In this context, heating
ramps are interrupted by isothermal segments whose temper-
ature is chosen in a manner that it lies slightly above the
decomposition temperature of a given surface oxide. Hence,
the temperature is raised above the desorption maximum of
this surface oxide by a heating ramp, while the subsequent
isothermal step allows the complete decomposition of this
surface oxide without interference from the desorption of the
surface oxide exhibiting the next-highest thermal stability.
Accordingly, this method heavily relies on the correct choice of
the temperature of the isothermal steps, which are selected
such that the observed CO and CO, evolution peaks exhibit
symmetrical shapes, indicating that only one surface oxide
undergoes decomposition. Thus, an optimized temperature
profile was developed using multiwalled carbon nanotubes as a
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Figure 6. Deconvolution of the [a] CO, and [b] CO desorption profiles using sets of Gaussian functions. TPD of NORIT ROX 0.8 activated
carbon oxidized with 5% O, at 425 °C (heating rate of 5 °C min™’, 23.5 mL min~' He, 100 mg of sample, performed in a tubular reactor).

Reprinted with permission from ref 16. Copyright 1999 Elsevier.
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Figure 7. Nonlinear temperature-programmed desorption enables the
disentanglement of overlapping desorption ranges. Isothermal seg-
ments positioned slightly above the decomposition temperature of a
specific surface oxide allow its complete desorption without
interference from the decomposition of surface oxides exhibiting
higher thermal stabilities. [a] CO, and [b] CO emission profiles from
the nonlinear TPD analysis of a carbon black (Vulcan XC75R), an
activated char, oxidized graphite, and oxidized MWCNTs (heating
rate of 20 °C min™' and 70 mL min~' Ar, performed in an
thermogravimetric balance). Adapted from ref 32 under a CC-BY-4.0
license (https://creativecommons.org/licenses/by/4.0/); annotations
were added to the original.

model material, which demonstrated the feasibility of the
proposed method.”> Using the same temperature profile,
graphite, an activated char, and carbon black were also
analyzed, showing that the specified temperature program was
well-suited for the separation of surface oxide desorption
signals in graphitic materials (MWCNTs, graphite) (Figure 7).
However, the analysis of the activated char in particular
showed that CO, emitting groups could not be separated as
well compared to the graphitic materials. Many reasons for this
finding are conceivable, such as misplaced isothermal steps,
broader desorption temperature ranges due to pore diffusion
limitations, a broader distribution of adsorption energies as a
consequence of the disordered carbon backbone, and so on.
However, once baseline-separated, the CO and CO, emission
of individual surface oxides can be easily quantified by signal
integration. Analogous to the mathematical fitting procedure,

to obtain reliable quantification results, one must ensure that
side reactions can be neglected.’”

Ishii et al. took a different path to discriminate surface oxides
with overlapping desorption ranges. Their approach involved
the isotopic labeling of specific surface oxides via the exchange
of acidic protons bound to carboxylic acid groups and phenols
with deuterium by treating an oxidized carbon sample with
D,0." While the desorption range of carboxylic acids is well-
known, the decomposition of phenols coincides with that of
ethers. Since both surface oxides emit CO upon decom-
position, the unambiguous quantification of phenols and ethers
has been very challenging. Employing the isotopic labeling
approach, the decomposition of deuterium-labeled hydroxyl
groups yields D-terminated edge sites, which emit D, or DH
when the temperature exceeds 1000 °C (Figure 8). Under the
assumption that abundant H-terminated edge sites are
nonprotic and are consequently not affected by the D,O
treatment, the number of phenol groups can be accurately
determined by deconvoluting the CO, and CO emission
profiles and subsequently taking the high-temperature emission
of D, and DH into account. It should be noted, however, that
the interpretation of the emission profiles of isotope-labeled
species represents a challenge, as several side reactions
involving isotope exchange between gas-phase and surface
species are possible due to the porous structure of the activated
carbon.**

3.1.2. Side Reactions of Oxygen Surface Group Analysis.
Considering the chemical compounds involved and temper-
atures applied, there are several possible side reactions,
including the readsorption of volatile carbon oxides on active
sites on the carbon surface to form another type of surface
oxide. In this context, the surface oxides yielded upon
readsorption may undergo decomposition in a different
temperature range compared to the initial surface species
and, following the Boudouard equilibrium, might additionally
emit CO, species upon decomposition that are different from
the adsorbed CO,, species. (Figure 9). In either case, the TPD
emission profile is altered, since either the decomposition
product emission is detected at a temperature that does not
coincide with the desorption temperature of the original
surface species or the true decomposition product cannot be
detected due to interconversion between CO and CO,. The
latter process can be excluded by performing TPD experiments
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Figure 8. [a] Deuterium labeling of acidic groups such as phenols enables their discrimination from surface groups with similar decomposition
temperature such as ethers. [b] High-temperature TPD of H,0,-oxidized activated carbon, which was deuterium-labeled by proton exchange in
D,O (heating rate of 10 °C min™" at 1 X 10 ~° Pa). Reproduced with permission from ref 48. Copyright 2020 Elsevier.
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at different heating rates while measuring the ratio of CO and
CO, emission. However, instead of the ratio of the total
amount of emitted CO and CO, being constant, which is
expected in the absence of this interconversion, it is often
found that the CO/CO, ratio is indeed dependent on the
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heating rate due to the kinetics of interconversion.””*’ The
Boudouard equilibrium is closely connected to the read-
sorption of CO and CO, earlier mentioned, since there is
broad evidence that both reactions (the conversion of CO, and
solid C to CO and vice versa) proceed via surface oxides as
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intermediates.”® The adsorption of CO and CO, was
extensively studied by Hall et al. and Marchon et al, who
performed similar experiments on coal chars and polycrystal-
line graphite, respectively.”**”*° In either case, the carbon
material was “degassed” in an inert atmosphere at temperatures
exceeding 1000 °C (and remained in an inert atmosphere)
before introducing CO or CO, at various temperatures and
subsequently performing TPD experiments. Since the carbon
materials were only exposed to inert atmospheres (He or
ultrahigh vacuum) after thermal degassing, reactive sites
created by desorption of volatile species remained unsaturated,
and enabled chemisorption of significant amounts of CO and
CO,. Independent of the chosen adsorbate, subsequent TPD
produced both CO and CO,, providing evidence for the
interconversion of CO and CO,. Even after chemisorption of
CO,, CO was the main desorption product detected during
TPD, whereas multiple emission maxima were observed over a
broad temperature range.”**>** In this context, the identity of
the species formed by CO or CO, chemisorption (or the
occupied chemisorption site) appeared to be highly dependent
on the tem}gerature at which the adsorption experiment was
performed.” Isotope labeling experiments further highlighted
the complexity of the system, as the chemisorption of a mixture
of C'%0, and C'™O, produced a significant amount of
C'®0'™0 in the subsequent TPD experiment.’’

Hall and co-workers additionally studied the influence of
impurities and the specific surface area of the carbon material
on the shifting ratio of the total amount of emitted CO and
CO, when the heating rate was varied. By comparing
demineralized and pristine coal chars, they reached the
conclusion that impurities played a minor role, since the
demineralized char showed the most severe dependence of the
CO/CO, ratio on the heating rate of all samples examined. In
contrast, the specific surface area did have a pronounced
influence, as the interconversion of CO and CO, was only
observed with porous chars, whereas nonporous coal chars (2
m?® g specific surface area) did not show any shift in the CO/
CO, ratio upon variation of the heating rate.*’ It should be
noted that while the thermodynamics of the Boudouard
equilibrium are well-known, this experiment clearly implies
that the extent to which CO/CQO, interconversion influences
TPD experiments is governed by the corresponding kinetics
and thus is heavily dependent on sample characteristics such as
pore and particle size distribution and the reactor geometry,
thus limiting the comparability of results from different carbon
samples and TPX setups.

Besides CO, and CO, the evolution of chemisorbed H,O is
often detected during TPD analysis and has been suggested by
several groups as an indicator of condensation reactions
between neighboring functional groups (Figure
4).182526293L373651 1y this sense, carboxylic acid groups in
spatial proximity can form carboxylic anhydrides, carboxylic
acids and hydroxyl groups can form lactones, while the
condensation of neighboring hydroxyl groups yields ethers
(Figure 10).>**” Condensation reactions, as indicated by the
emission of chemisorbed H,O, lead to a shift in the apparent
surface concentration of acidic groups, namely the conversion
of strongly acidic carboxylic acid groups to anhydrides and
lactones, which exhibit higher pK, values. In consequence, the
influence of condensation reactions can be studied by
compari_n% titration techniques with quantitative TPD experi-
ments.'>*>*” In case of Boehm titration, a carbon material is
neutralized by prolonged contact to bases of different pKj
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(NaHCO3, Na,CO;, and NaOH); the weak base selectively
deprotonates strong carboxylic acids, the medium-strength
base Na,CO; neutralizes carboxylic acids and anhydrides,
while NaOH as a strong base additionally hydrolyses lactones
and deprotonates phenolic OH groups. If the shift in the
concentration of CO,-emitting surface oxides due to
condensation reactions is ignored, the comparison of TPD
quantification and the consumption of the corresponding bases
during Boehm titration yields a rather poor correlation. In
particular, the concentration of carboxylic acids, main reactants
in condensation reactions, is significantly underestimated by
TPD. However, under the assumption that the observed water
is exclusively produced by the reaction of carboxylic acids to
form anhydrides, the amount of emitted water can be used to
recalculate the surface concentration of carboxylic acids and
anhydrides, which subsequently correlates much better to the
results of Boehm titration (Figure 10).*®

Nevertheless, it has to be noted that this approach neglects
the formation of lactones and ethers as sources of water
emission, which consequently leads to an overestimation of the
carboxylic acid content in combination with an under-
estimation of the carboxylic anhydride concentration. In the
case of high surface oxide coverages (20 at. %), condensation
reactions have even deliberately been used in order to
manipulate the carbon surface oxide ensemble.”” In the
presence of water vapor, the hydrolysis of carboxylic
anhydrides, lactones, and ethers is conceivable. In this context,
the hydrolysis of anhydrides could be proven by studying an
oxidized carbon exposed to a stream of 1.5 vol % water in N, at
260 °C with in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS, Figure 10c).*

3.1.3. Nitrogen Functional Groups. One of the most
distinctive features of N-doped carbon, especially in compar-
ison with oxygen, is the presence of bulk N species in addition
to surface N species. The bulk doping of N is facilitated by the
electronic structure of N as well as its similar atomic size
compared to C (atomic radii 190 pm for C and 179 pm for N)
and the similar length of the C—N (141 pm) and C=C (142
pm) bonds.”** Bulk N is represented by quaternary N species
that substitute a C atom in the graphite lattice plane, forming
three bonds to neighboring C atoms. The lone electron pair
contributes to the z-system, resulting in a positively charged N
atom. All other N species frequently discussed are located at
the surface or edges of the carbon material and are represented
by amino groups, imines, and nitriles in addition to pyridine
and pyrrole moieties in total absence of oxygen. However,
since oxygen contamination (e.g, by air exposure, moisture,
and carbon precursors) can scarcely be excluded, mixed-atom
species such as nitro groups, nitrite esters, amides, lactames,
and imides are usually also present on N-doped carbon (Figure
11).

Even though TPD analysis of N-doped carbon materials has
been executed in various studies, the technique is, especially in
comparison to the TPD analysis of surface oxides, less
mature.”>>%°%%27%* Aq illustrated in Table 2, the inert-
atmosphere decomposition temperatures reported in the
literature do not necessarily coincide, and there is some
divergence concerning the decomposition products of
individual N species. However, using a combination of TPD
and XPS, most studies reach the general conclusion that the
thermal stability of N species follows the sequence quaternary
N > pyridinic N > pyrrolic N > nitrile N > nitro N and amino
N.?#°%659 1n this context, it has to be noted that conjugated
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Figure 11. Structures of various prominent N species (orange) and
mixed N/O species (blue) present on N-doped carbon.

N species such as quaternary N and pyridinic N in particular
exhibit very high decomposition temperatures. In the case of
quaternary N, Fujisawa et al. managed to detect significant
amounts in MWCNTSs annealed at temperatures up to 1500
°C, indicating that the thermal stability of some N species
surpasses the temperature range accessible to common TPD
setups.”’ The most frequently observed decomposition
products of N species are hydrogen cyanide (HCN), ammonia
(NH,), and dinitrogen (N,); in the presence of surface oxides,
nitric oxide (NO) and isocyanic acid (HNCO) are also
emitted upon thermal desorption. Consequently, exposure to
oxygen complicates the straightforward TPD analysis of N
species on carbon, as the number of potential decomposition
mechanisms and the possibility for side reactions increase,
which is reflected by the literature reports of more than one
(N-containing) decomposition product per functional group
(Table 2). Analogous to the discussion in the context of the
TPD analysis of carbon surface oxides, desorption signals of
individual N species often exhibit a significant width, which
may be caused by energetically differing chemisorption sites,
mass transfer limitations, the geometry of the experimental
setup, and the experimental parameters. In order to address the
resulting overlap of the desorption signals, the deconvolution
of TPD emission profiles was carried out by Arkhipova et al,,
who adopted a model based on “bi-Gaussian” curves that
allowed them to also account for signals of asymmetric
shape.””

It should be noted that the interpretation of the TPD
emission profiles of N-doped carbon is complicated to a
considerable extent by thermally induced side reactions in
which N-species are transformed by dehydration, condensa-
tion, decarbonylation, and rearrangement reactions (Figure
12). In this context, Stanczyk et al. used precursors with
specific N- functional groups such as amino groups, nitriles,
and pyridinic N (mostly derivates of anthracene) and studied
the chars obtained by the pyrolysis of these precursors at
temperatures between 460 and 800 °C using XPS.”> As
expected, the authors found that functional groups that
participated in aromatic structures exhibited a significantly
higher temperature tolerance compared to functional groups
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simply attached to an aromatic backbone. However, cyclic
conjugated N species showed a high tendency to mutually
convert into each other, as illustrated by the example of the
low-temperature (460 °C) carbonization of a precursor
containing exclusively pyridinic N; pyrrolic N was found to
account to up to 50% of the N species of the resulting char.
Highlighting these interconversions, it was found that
regardless of the functionalization of the precursor, the
ensembles of N species in chars obtained by high-temperature
pyrolysis (800 °C) exhibited nearly identical compositions,
with pyridinic, pyrrolic, and quaternary N accounting each for
ca. 1/3 of the detected N-species.”” Generally, thermolabile
functional groups tend to be converted in multiple steps to
cyclic species conjugated with the carbon matrix, which exhibit
a significantly higher temperature resistance compared to the
initial species.ss’sg’60 In this manner, amino groups may
condense with an adjacent carboxylic acid group to form a
lactame, which may be converted to a pyrrole species by the
loss of CO. This pyrrole species in turn may be subsequently
transformed via rearrangement reactions to pyridinic or highly
temperature-stable quaternary N species.33’58’59’67’68 As a
result, the detection of the decomposition of a particular
functional group is often the consequence of a cascade of
previous transformations, rendering the deduction of the
original species a major challenge (Figure 12).

Another nontrivial phenomenon is the observation that N-
doped carbons often emit considerable amounts of N,. The
formation of this decomposition product requires an
interaction between two N species, and a number of studies
come to the conclusion that some form of surface mobility of
N functionalities exists.>>*° However, besides the interaction
of two N functional groups on the carbon surface, the reaction
of N-containing gaseous decomposition products with
chemisorbed N-species is also conceivable.”> Considering the
thermal instability of nitro groups, the observation of NO
emission at high temperatures also indicates the occurrence of
interactions between neighboring species or the reaction of
decomposition products with surface functional groups (Figure
13).57:6469

3.1.4. Sulfur Functional Groups. Another type of
heteroatom species on carbon surfaces that can be probed
via TPD is sulfur. Induced by increasing temperatures, S
species on carbon develop volatiles such as sulfur dioxide
(SO,), carbonyl sulfide (SCO), carbon disulfide (CS,), and
hydrogen sulfide (H,S).”°”’ Sulfur predominantly forms
surface groups on carbon but is also able to participate in
conjugated systems by means of its lone electron pairs.”” It
should be noted that the C—S bond is much longer (171 pm in
thiophene) than the C=C bond in aromatic systems (142
pm) while the atomic radius of S (214 pm)) is larger compared
to that of C (190 pm), which consequently leads to to
nonplanar, distorted structures in S-doped carbons.”*”””®
Owing to the challenges of oxygen exclusion and the popularity
of S-doping methods involving H,SO,, mixed-atom functional
groups usually occur on S-doped carbon in various forms and
states of oxidation (Figure 14).””*" Mixed oxygen/sulfur
functional groups are typically represented by species such as
sulfonic acids, sulfones, sulfoxides and thioesters, while sulfur
in a lower state of oxidation is present in form of thiols,
sulfides, and tiophene-like functional groups.

In general, literature reports on the desorption temperature
ranges (obtained by combination of XPS, FTIR, and TPD) for
mixed oxygen/sulfur functional groups tend to coincide, while
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Table 2. Decomposition Products and Desorption Temperature of Various Prominent N-Species and Mixed N/O Species on
Carbon during Temperature-Programmed Desorption

Decomposition  Desorption Carbon
Nitrogen species . Reference
product(s) temperature  material
Amino % NH, NH,, NH; 800 °C Carbon fiber! [55]
groups
NO 407 °C AC? [56]
Nitro *__No, NO (nitrite esters) 300°C MWCNT? (57]
groups & NO (nitro groups) 400°C MWCNT3 157]
% CN 700 - 1000 °C Carbon fiber® [55]
itri *—CN
Nitriles HCN 250°C MWCNT (33]
Imines >=NH HCN 700 - 1000 °C Carbon fiber! [55]
v /9 HCN 650 °C AC® (58]
Amides €O, NHs, HCN 700 °C ACS 59]
$ NH,
% (o]
—« CO,, HCN, HNCO 500 °C MWCNT* 133]
i 4 NH
Imides S HCN 950 °C ACS (58]
< o
. NH,, NH3 800 °C Carbon fiber! [55]
% o}
P €O, HCN, HNCO 680 °C MWCNT# 133]
Lactames *__NH HCN 950 °C ACS 58]
€O, NHs, HCN 700 °C ACS [59]
. F HCN, HNCO 600 — 1100 °C MWCNT? [57]
Pyrroles ~ WH HCN, H, 785°C MWCNT? [33]
A
S NH; 827°C PDC’ [60]
N, CN 960 °C Carbon fiber® [55]
oy NG HCN, HNCO 600 - 1100 °C MWCNT? [57]
Pyridines A It HCN, H, 905 °C MWCNT (33]
HCN 950 °C AC® [58]
Pyridine “ ! NO, N, 223-423°C PDC [60]
N-oxides RN
o = o
Quaternary ‘_‘_“\N/.,"" HCN, HNCO 1050 °C MWCNT [57]
N * - >1500 °C MWCNT® [61]

Carbon fiber derived from a phenol/formaldehyde fiber activated with steam or carbon dioxide and N-doped via ammonia treatment at various
temperatures. “Activated carbon oxidized with HNOj; at 80 °C. MWCNTSs grown with acetonitrile as the C and N source and oxidized with
HNO;. *MWCNTs doped by HNOj; oxidation prior to an ammonia treatment in a temperature range between 300 and 700 °C. *Norit activated
carbons subjected to HNO; oxidation prior to ammonia treatment at 200 °C. ®Norit activated carbon treated with ammonia at various
temperatures. ~Polyacrylonitrile-derived carbon. MWCNTSs synthesized by the pyrolysis of mixtures of ferrocene and benzylamine.

the assignment of decomposition temperatures for aliphatic
and aromatic sulfides shows some ambiguity.*” However, most
reports reach the conclusion that the thermal stability of sulfur
species on carbon more or less follows the sequence aromatic
sulfides > aliphatic sulfides > thioesters > sulfoxides and
sulfones > thiols and sulfonic acids (Table 3).”**** Analogous
to the investigation of O and N species on carbon, several
studies carried out a deconvolution of the TPD emission
profiles of typical decomposition products of sulfur species
such as SO,.*”*”*® Some sulfur functional groups appear to

exhibit a very high thermal stability, as proven by the
observation of considerable sulfur residues in samples of S-
doped carbon after TPD experiments that reached peak
temperatures of 1200 °C.”> These high-temperature stable
sulfur species are commonly assigned to be thiophenic
sulfides.”” Oxidized decomposition products of sulfur func-
tional groups such as SO, or SCO are assigned to every sulfur
species present on carbon materials, regardless of the state of
oxidation. In the case of thiols or sulfides, this assignment is
justified by the presence of chemisorbed oxygen on the studied
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carbon samples and the facile oxidation of reduced sulfur. In
this sense, reduced sulfur species are oxidized by oxygen
surface groups or their corresponding decomposition products
before or after desorption.gz’84 However, it should be noted
that profound information on possible side reactions during
the TPD analysis of S species on carbon is scarce, indicating
that less attention has been paid to this issue compared to the
identification and quantification of O or N species on carbon.

3.2. Characterization of Defect Sites. The reactivity of a
carbon material is governed to a great extent by the amount
and nature of its defects. For instance, the affinity of edge sites
of graphitic basal planes toward the chemisorption of
molecular oxygen was determined to be orders of magnitude
higher than the reactivity of the basal plane itself.”’ In this
context, regarding sp>-hybridized carbons, the term “defect”
refers in principle to every deviation from the ideal stack of
graphene sheets, such as differences in the binding situation of
the carbon atoms, including edge sites or in-plane vacancies,
and deviations from the ideal trigonal planar binding geometry,
such as five- or seven-membered carbon rings or curvature.

The recognition of the high affinity of molecular oxygen
toward chemisorption at unsaturated carbon sites lead to the
introduction of the concept of “active surface area” (ASA) as a
quantitative measure for the defect density of a carbon
material, which is defined as the surface area susceptible to O,
chemisorption.”~"® This active surface area can be determined
by contacting a carbon surface with oxygen at a specific
temperature (usually around 300 °C) that is high enough to
quickly achieve equilibrium but low enough to avoid carbon
gasification. The amount of chemisorbed O, is determined
subsequently by TPD, and the active surface area is then
calculated by considering the area occupation of an assumed
carbon surface oxide. Initially, it was thought that carbon
exhibited only two chemisorption sites, one featuring a low
activation energy for O, chemisorption (carbon edge sites that
constitute the active surface area) and another featuring a high
activation energy (basal planes).”* However, today it is
accepted that a wide range of chemisorption (defect) sites
are usually present in carbon materials, exhibiting a distribution
of reactivity toward the chemisorption of oxygen. This
reactivity range extends from intact, perfectly ordered graphitic
basal planes over less-ordered graphitic domains all the way to
highly reactive species that have been found to terminate edge
sites such as carbenes or carbynes.”””® This diversity in
reactivity is also reflected by the studies of Sendt and Haynes,
who examined the mechanism of O, chemisorption on
different carbon edge sites in detail via DFT.” '

The area occupation of a carbon surface oxide that is used to
calculated the ASA from the amount of desorbed oxygen is
usually assumed to be identical to the area occupation of an
edge carbon atom lying in the (100) plane, which corresponds
to 0.083 nm2’>'"" This assumption is of course rather
simplistic, as on one hand it reflects the early conviction that
there is only one participating chemisorption site (graphene
edge sites) and on the other hand ignores the structural and
stoichiometric (C,0ys_,) complexity of the various known
carbon surface oxides.

The ASA of a carbon material is usually (with few
exceptions) quite small, often accounting for less than 5% of
the total surface area, and differs fundamentally for various
carbon materials (Table 4).””'°* For example, Radovi¢ et al.
determined the ASA of a pyrolyzed coal sample to be 36% (of
the total surface area), while the ASA of a graphitized carbon
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Table 3. Decomposition Products and Desorption Temperatures of Various S Species on Carbon during Temperature-

Programmed Desorption

Decomposition Desorption Carbon
Sulfur species Reference
product(s) temperature  material
S0, 270°C ACt [81]
S0, 361°C AC? [82]
S0, 227-377 °C AC [83]
. S0, 277°C AC [79]
Sulf.onic "":—sosu S0, <220°C PDC* [84,85]
acids S0,, SCO 270°C pPDC [70]
S0, 250°C PDC [86]
S0, 230-330°C CNFS [87]
S0, 200 - 400 °C MWCNTS [80]
319°C AC? [82]
. 277°C AC [79]
Thiols "‘::_SH SO, 227-377°C AC [83]
<220°C pPDC* [84,85]
330°C AC? [88]
S0, 415°C AC? [82]
i o 50, 270°C pDC [84]
Sulfones \sg $0,, SCO 270°C pPDC [70]
------ / o S0, 270°C pPDC [86]
* S0, 500 — 600 °C AC? [88]
SO, 650 °C ACt [81]
S0, 415°C AC? [82]
\ S0, 350620 °C pPDC* [84]
Sulfoxides /S=° $0,, SCO 270°C PDC! [70]
s0, 270°C PDC* 86]
S0, 500 600 °C AC? [88]
o S0, 350620 °C pPDC [84]
Thioester - >1000 °C pDC® [74]
/ s ) 350 PDC* [70]
______ S0, 350620 °C pPDC* [84]
sulfides \S o >1000 °C PDC® [74]
/ S0, 427 &712°C AC? [82]
/': cs, SO, 800 - 900 °C pPDC 86]
Thiophenes @S s0, 600 °C PDCH 85)

!Wood-based activated carbon (BAX, Mead-Westvaco) treated with H,S at 650 or 800 °C. *De-ashed activated carbon (D43/1, Carbotech)
modified with fuming H,SO,. 3Activated carbon (Norit ROX 0.8) treated with 5—18 M H,SO, at 80—150 °C. *Nanoporous carbon derived from
poly(sodium 4-styrenesulfonate), premixed with various amounts of graphene oxide prior to carbonization. >CNF sulfonated with VO>*/H,SO, or
concentrated H,SO,. “Multiwalled CNTs treated with concentrated H,SO, or a 1:3 v/v mixture of HNO; and H,S0,. “CO,-activated coal treated
with H,S at 800 °C. *Mesoporous polymer-derived carbon prepared by the pyrolysis of a co-condensate of resorcinol and 4,4'-thiodiphenol with

formaldehyde.

black was found to be 1.5% of the total surface area.”’ These
differences in ASA are closely connected with the wide
variation of crystallite sizes in carbon materials, reaching from
activated carbons with crystallite sizes around 1 nm at one end
of the spectrum to graphite exhibiting crystallite sizes of several
hundred nanometers on the opposite end. In this context,
there is of course evidence for a connection between the
synthesis temperature of a carbon material and its active
surface area, meaning that high-temperature treatments usually

lead to an increase in structural order, which is achieved by the
annealing of defect sites, and thus a decrease in the ASA. On
the other hand, the crystallite orientation plays a significant
role, meaning that a basal plain orientation parallel to the
carbon surface is much less favorable for O, chemisorption
than an orthogonal orientation. In this context, it is important
to note that a significant fraction of relevant sp>-hybridized
carbon materials are polycrystalline. This results in surfaces
exhibiting a considerable degree of heterogeneity in terms of
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Table 4. Ratio of (Total) Specific Surface Area to the Active
Surface Area Determined by Oxygen Chemisorption and
Subsequent TPD Analysis for Selected Carbon Materials

heat treatment” SSA ASA [%
carbon material [°C] [m? g'] SSA] ref
graphitized carbon 2700 82 1.2 94
black 2800 75 03 90
63 <1.6 91
saran char 1224 4.1 91
graphite 1.8 <5.6 91
pyrolyzed coal 1000 630 35.7 91
1000 S0 60 101
activated carbon 1210 1.9 104
480 5.0 104
860 3.2 104
pyrolytic carbon” 825 66 100 108
polymer-(;ierived 1000 100 80 101

carbon”

TRefers to the maximum temperature the carbon material was
subjected to prior analysis of the active surface area. >Thin carbon
films obtained from CH, pyrolysis at 825 °C that were analyzed
without being exposed to ambient atmosphere. *Vinylidene chloride—
acrylonitrile copolymer.

which fraction of the surface is represented by which particular
crystal plane, thereby defining the oxygen chemisorption
capacity and thus the size of the active surface area.'*”'%’

Beyond quantitative defect analysis within the concept of
active surface area, efforts have also been directed at a
combined qualitative and quantitative analysis of carbon edge
sites, where the O, chemisorption step at elevated temper-
atures was avoided in order to gain information on the
“pristine” state of defects in carbon materials. Regarding
nonheteroatom-doped sp>-hybridized carbons, edge sites of
individual carbon sheets are mostly occupied by hydrogen in
addition to chemisorbed oxygen. However, there is also
compelling evidence for the presence of nonterminated sites,
which are believed to the be present in form of carbynes at
arm-chair edges and as carbenes at zigzag edges.'*°

While it remains challenging to quantify the amount of
nonterminated sites, high-temperature TPD has been utilized
for the accurate determination of the amount of edge sites

terminated by surface oxides and hydrogen. Peak temperatures
of up to 1800 °C have to be employed for this purpose, since
the desorption of nonprotic hydrogen atoms in form of H,
does not commence below 900 °C. However, even at a TPD
peak temperature of 1800 °C, some hydro%en appears to
remain on the carbon surface (Figure 15).""” According to
Ishii et al, the identification and quantification of surface
oxides is also necessary to determine the total amount of edge
sites, as shown in the following equation (eq 1):'%"~'%

N,

.dge = non-terminated sites + H + carbonyl + ether

+ 2anhydride + 2lactone (1)

Surface oxides such as hydroxyl groups or carboxylic acids
contain both hydrogen and oxygen but occupy a single site and
are therefore included in the total amount of H emitted. An
estimation of the amount of nonterminated edge sites can be
attempted by measuring the magnetic susceptibility, for
example; all other values can be accessed by analyzing the
TPD data.'"®

Under the assumption of a specific graphene sheet geometry,
the amount of defect sites can be utilized to estimate the
dimension of graphite crystallites in the examined carbon
material. However, in the case of polymer-derived carbons with
crystallite sizes L, < 100 nm (determined by TEM), it was
shown that the diameter of graphene sheets, determined by the
number of edge sites, was significantly larger compared to the
crystallite sizes determined by other methods. The authors
note that in the case of the polymer-derived carbons the
graphene sheets showed a high degree of disorder in the form
of curvature, which on one hand rendered the determination of
the true sheet size by methods such as XRD or TEM a
challenge and on the other hand called the applicability of the
utilized model geometry (coronene-based) into question.'*®
Nevertheless, in case of natural graphite, the edge site-derived
graphene sheet dimension did correspond well with the
average particle size along the flat parts of the plate-like
graphite particles, since the assumption of defect-free (in this
case meaning nondistorted) carbon layers held true.'”’

3.3. Characterization of Acid and Base Properties.
3.3.1. Acidity. A popular method of evaluating the amount and
strength of acidic surface sites on various materials is the

[&] ) [b] 1.2x10™ : . : T P S S
surface
- i Y ——NG50
H-terminated oxides
sites L 10 H 2 —— NG150
° ==== 5G5S0
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Figure 15. [a] Model of graphene edge site termination in non-heteroatom-doped carbons. [b] TPD H, evolution profiles of natural graphite
(NG) and synthetic graphite (SG), each of which was sieved into two particle size fractions of S0 and 150 ym as well as Gilsonite coke (GC)
graphitized by heat treatments at 2400 and 2800 °C (heating rate of 10 °C min~', 2 X 10 ~> Pa, 40—70 mg sample, performed in an induction
furnace). Reprinted with permission from ref 107. Copyright 2017 Elsevier.
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. . 110,111
temperature-programmed desorption of ammonia. In

short, the sample is loaded with ammonia at a low temperature
(usually close to room temperature) at which ammonia is
chemisorbed by acidic surface sites. After being purged with
inert gas, the sample is heated at a constant rate, and ammonia
desorption is monitored by either determining the mass loss of
the sample in a thermogravimetric balance or analyzing the
effluent gas. The temperature of ammonia desorption is
governed by the acidic strength of the corresponding surface
species, where the amount of desorbed ammonia represents
the quantity of the respective (accessible) acid centers.
Ammonia is a popular probe molecule in this context because
its comparatively small kinetic diameter (0.26 nm)"'* facilitates
its access to even micropores; simultaneously, it represents a
strong base that interacts with Brensted sites as well as with
Lewis sites and exhibits a wide range of adsorption enthalpies
depending on the acidic strength of the studied surface site.
However, for this method to be usable without restrictions, a
strong adsorption of NHj at nonacidic sites has to be excluded.

Considering carbon materials, it is well-documented that
ammonia shows little affinity for defect-free basal planes of
graphite or carbon nanotubes, with the heat of adsorption
calculated by DFT studies being close to zero.''> Defects in
the basal plane, such as missing C atoms, increase the enthalpy
of adsorption but only to 16 kJ mol™’, which falls within the
range of comparatively weak physisorption.''* For single-wall
carbon nanotubes, FTIR studies have shown that no ammonia
adsorption takes place, even at temperatures as low as —179
°C.'"* Although this proves that ammonia does not show
pronounced interactions with heteroatom-free crystalline
carbons such as CNTs and graphite, much higher adsorption
enthalpies are expected for microporous carbons in particular
due to confinement effects. Accordingly, porous carbon
materials such as activated carbons are widely applied as
adsorbents in NH;-capture processes.” "' In this context,
Domingo-Garcia et al. showed that a substantial amount of
ammonia did not desorb at temperatures of up to 300 °C even
in absence of significant amounts of surface functional groups.
This behavior was attributed by the authors to the texture of
the studied activated carbons, which contained micropores
with dimensions close to the molecular size of ammonia,
leading to a significant increase in the enthalpy of adsorption.*’
Nevertheless, the quantity of chemisorbed NH; is substantially
higher in the presence of heteroatom surface groups, and
various groups have studied the surface acidity of oxidized,
sulfonated, or g)hosphorylated carbon materials via ammonia
TPD.****"7=11% gzymanski et al. studied the surface acidity of
a HNOj;-oxidized activated carbon and observed three distinct
ammonia desorption peaks at 140, 287, and 420 °C (Figure
16). The low-temperature desorption maximum is the most
pronounced and is attributed to primary adsorption sites that
interact with NH; via hydrogen bonds. The ammonia
desorption maxima at 287 and 420 °C coincided with CO,
evolution during TPD in the absence of ammonia and were
assigned to the desorption of NH; from ammonium
carboxylate species.*

The shape of the NH; desorption profile described by
Szymanski et al. appears to be characteristic for HNO;
oxidized carbon materials, since similar ammonia emission
profiles were observed for nitric acid-treated MWCNTs by
other authors.”””'*" Oliveira et al. examined sulfonated
MWCNTs treated with concentrated H,SO, at temperatures
between 150 and 280 °C via ammonia TPD and observed up
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Figure 16. NH;-TPD profiles for samples of an activated carbon
subjected to thermal annealing at 750 °C (DHT), thermal annealing
at 750 °C followed by an ammonia treatment at 900 °C (DHTN),
and oxidation in concentrated HNOj at 80 °C (DOx). Reprinted with
permission from ref 56. Copyright 2004 Elsevier.

to five acidic species with different acidic strengths that were
responsible for NH; desorption between 100 and 600 °C."*
However, these results for sulfonated carbon materials
represent a certain dissonance, since the highest proposed
desorption temperature for sulfonic acid species (400 °C, see
section 3.1.4) is located at least 200 °C below the highest
observed NH; evolution, hinting at the possible involvement of
side reactions.'”>'** Beyond the comparison of desorption
temperatures, the strength of the interaction between NH; and
carbon surfaces can be described by the heat of desorption,
which was for example determined by Kirilin et al, who
analyzed several NH;—TPD experiments with varying heating
rates.'**

In general, it should be noted that the annealing of oxidized
carbon in the presence of ammonia is a 2popular approach for N
doping of carbon materials.’”**'*>'*° In this context, N
species formed by interaction of NH; with acidic sites such as
carboxylic acids and anhydrides are prone to follow a cascade
of transformations at higher temperatures, yielding functional
groups that are on one hand increasingly temperature-stable
and on the other hand might not emit NH; upon
decomposition (Figure 12, Table 2). FTIR studies on NH,
adsorption on oxidized carbon materials directly demonstrated
the ammonolysis of carboxylic anhydrides, which yielded
amides in a first step and subsequently, as a product of
dehydration, imides.””'*” The interpretation of NH; TPD
desorption profiles thus has to be handled with caution, since
not all adsorbed NH; might be recovered. Additionally, the
adducts of acidic chemisorption sites and ammonia might not
be temperature-stable and may form other functional groups
before emitting NH; or other N-containing volatiles.
Consequently, the temperature of NH; desorption might not
be a direct reflection of the acidic strength of a specific acidic
site, and the quantity of desorbed NH; at a specific
temperature might not reflect the concentration of the
corresponding site originally present on the carbon surface.

3.3.2. Basicity. Considering the evaluation of the strength
and number of basic sites via temperature programmed
desorPtion, one of the most popular molecular probes is
CO,.”¥"*” As a comparatively small molecule (kinetic
diameter of 3.3 nm),"'* CO, is able to penetrate even narrow
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Figure 17. Comparison of the [a] TPD and [b] TPR emission profiles of MWCNTs refluxed in 65 wt % HNO; (plug flow setup, heating rate of 10
°C min™", total volume flow of 50 mL min™" He in case of TPD, 80 mL min™" of 10 vol % H, in He in case of TPR, 200 mg of MWCNT).
Reprinted with permission from ref 29. Copyright 2008 American Chemical Society.

pore systems, is noncorrosive, and interacts selectively with
Lewis bases on the surfaces of materials. However, the
utilization of CO, as a molecular probe for assessing carbon
surfaces has only been reported in exceptional cases, since the
presence of carbon surface oxides leads to overlapping
emission from CO, adsorbed on basic surface sites and CO,
evolved by the thermal decomposition of oxygen surface
functionalities.””>"*>"*" A possible circumvention of this
problem might be provided by performing TPD experiments
without the probe in an inert atmosphere in order to gain
information on the CO, emission caused solely by thermal
decomposition of surface oxides and then subtracting this
emission profile from the CO, TPD data.'*

Beyond CO,, other potential probe molecules for the
evaluation of carbon surface basicity include SO, and HCL. In
case of SO,, there is considerable evidence in the literature that
basic surface oxides (such as pyrones) or nitrogen species
(such as pyridinic, pyrrolic, or quaternary N) significantly
enhance the sorption capacity and strength of SO, on carbon
adsorbents."**~"** However, in addition to SO, being highly
corrosive to analytical equipment, its selectivity for specific
adsorption sites is still largely unknown, impeding the effective
utilization of SO, as a molecular probe for carbon surface
basicity. Similarly, it has been shown that basic N species
increase the adsorgtion capacity and strength of carbon
materials of HCL;'*™'*” however, in this case, HCI being a
potent corrosive for the analytical equipment used and a lack
of systematic studies concerning the selectivity of HCI
adsorption to specific surface sites also hamper the use of
HCI as a molecular probe for carbon surface basicity.

4. TEMPERATURE-PROGRAMMED REDUCTION

4.1. Carbon Hydrogasification. If carbon is exposed to
hydrogen at increasing temperatures (>700 °C), not only
heteroatom surface groups will be hydrogenated but also the
carbon matrix itself. There are major analogies to oxidative
carbon gasification (e.g., with oxygen), since hydrogasification
also proceeds via a two-step mechanism involving hydrogen
chemisorption on carbon active sites followed by the
desorption of lower hydrocarbons as reaction products.'*®
However, it has to be emphasized that the reaction is
equilibrium-limited, meaning that hydrocarbon (e.g., methane)
formation becomes increasingly unfavorable as the temperature
increases and the hydrogen partial pressure decreases."”” In
consequence, it should be noted that most “pure” carbons are
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quite stable toward hydrogen at elevated temperatures and
atmospheric pressure.

It is understood that the active surface area for hydrogen
chemisorption defines the reactivity of a given carbon material
toward hydrogasification but usually represents merely a
fraction of the total surface area of the carbon material."* In
this context, chemisorption takes place preferably at carbon
defect sites, such as edge sites, dislocations, etc.; consequently,
defect-rich carbon materials (with a high active surface area)
display higher reactivities toward hydrogasification than long-
range ordered crystalline carbons.' At defect sites, —CH—
units are consecutively converted by hydrogen chemisorption
to —CH,— and —CHj; groups, with C—C bond cleavage and
CH, desorption representing the final steps.'*® The extent to
which dihydrogen chemisorption at neighboring carbon active
sites or atomic hydrogen chemisorption drives the reaction is
probably dependent on the applied temperature regime but is
still not fully understood. The rate-determining step was found
to be the final C—C bond cleavage, which enables hydrocarbon
desorption.* As indicated before, the main reaction product
of carbon hydrogasification is methane; however, depending
on the temperature, higher hydrocarbons such as ethene,
ethane, and acetylene have also been observed, all of which are
believed to be primary products of carbon gasification.'*"'**

The presence of oxygen surface complexes and base or alkali
metal impurities is known to considerably accelerate the rate of
carbon hydrogasification. In the case of oxygen surface groups,
the higher reactivity appears to stem from nascent carbon sites,
which are created by the desorption of surface oxides during
the heating to temperatures required for hydrogasifica-
tion.'*'*¥** Regarding metal impurities, a considerable
share of the alkali, base, and platinum group metals act as
catalysts in carbon hydrogasification. The most prominent
examples include Na and K as alkali metals;'*>'*® Fe, Co, and
Ni as base metals;'*™"** and Pt and Ru as platinum-group
metals."””'*” In the case of base and platinum-group metals,
the mechanism is believed to be based on metal nanoparticles
migrating through the carbon matrix and “dissolving” the
carbon structure along their path. Dissolved carbon species are
transported on the metal surface and consecutively hydro-
genated to methane on the surface of the metal nano-
particles."*” Other conceivable mechanisms such as spillover of
atomic hydrogen from the metal to the carbon surface appear
to play minor roles in carbon hydrogasification."”” Trivially,
this influence of metals on TPR experiments has to be taken
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into account, especially when carbon supported metal-based
catalysts or similar materials are the subject of investigation.
4.2. Oxygen Surface Groups. If oxygen surface groups
are subjected to a heating ramp in atmospheres containing
hydrogen, desorption due to thermal decomposition is
superimposed with the interaction of hydrogen with the
carbon surface, thus promising additional information
(compared to TPD) at the price of increased complexity. In
this context, TPR as a method of characterizing oxygen surface
groups is still in its infancy, with some studies">"!'® performing
TPR of oxidized carbon but focusing mainly on other subjects;
only a few studies, e.g, those by Kundu et al?® and Calo et
al,"** have systematically explored the topic (Figure 17).
The reactivity of H, increases with the temperature, meaning
that the low-temperature part of the TPR profile of oxidized
carbon materials remains in large parts identical to the TPD
profile, with significant influence of H, becoming visible only
at higher temperatures. This reactivity threshold can be
directly observed in the form of the H, consumption profile,
which normally exhibits only minor contributions at temper-
atures below 500 °C but shows significant hydrogen
consumption above this temperature.’”>>'** As a direct
consequence of this reactivity threshold, the CO, evolution
profile remains comparatively unaffected by the presence of
H,, with the total amount of desorbed CO, during TPR often
resembling the amount detected during TPD.">” However,
minor differences in the TPD and TPR CO, evolution profiles
are usually observed and attributed to the direct hydrogenation
of a minor fraction of the carboxylic acid derivates and the
generally lower thermal stability of surface oxides in the
presence of H,.””">* The origin of this lower thermal stability
of surface oxides remains somewhat opaque, although this
might represent an indication that thermal desorption may
proceed via deviant mechanisms in presence of hydrogen.*”">*
In contrast to the CO, emission profile, the CO evolution
profile is affected much more by the presence of H,; the
amount of CO evolution during TPR is significantly lower than
that detected during TPD, with the whole CO emission profile
appearing to be displaced to lower temperatures.””">>'** In
this context, the lower CO evolution is usually attributed to the
direct reduction of CO-evolving groups under the formation of
H,O, which is enabled by the availability of a large fraction of
the temperature-stable CO-evolving groups that remain on the
surface even at high temperatures, i.e, when the reactivity of
H, is sufficient for their direct hydrogenation.””'**'>* In
addition to the direct hydrogenation of CO-emitting groups,
the shift of the CO emission profile to lower temperatures
appears to be the consequence of two further mechanisms.
One mechanism involves the partial reduction of highly
temperature-stable groups (e.g, carbonyl groups) to surface
oxides of somewhat lower stability (e.g, hydroxyl groups),
which overall leads to a higher CO evolution at lower
temperatures.”” In the second mechanism, H, tends to
undergo chemisorption at reactive nascent carbon sites
generated upon the desorption of surface oxides, which
significantly decreases the probability of readsorption of
gaseous carbon oxides and contributes to the shift of the CO
emission profile to lower temperatures.””">” The direct
reduction of CO-evolving surface oxides is usually also
reflected in the H,O emission profile, which exhibits the
typical low-temperature maximum corresponding to conden-
sation reactions. However, in the presence of H,, the profile
also contains a larger contribution at high temperatures, with
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an onset >550 °C that often directly coincides with the
maximum of H, consumption,””">*

4.3. Nitrogen Surface Groups. Analogous to the
characterization of surface oxides, the examination of nitrogen
surface groups utilizing TPR is still in its infancy. A few

publications'>"">* have touched on the subject, but only Xiao
et al.”” have conducted an in-depth study (Figure 18).
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Figure 18. Comparison of the TPD and TPR emission profiles of
various N-doped carbons: GN, activated carbon treated with HNOj;
GN673, GN treated at 400 °C under an inert atmosphere; GA,
activated carbon treated at 800 °C in ammonia; GNA, GN treated at
800 °C in ammonia; and GNA-BS6, GNA partially gasified with 20%
O, in Ar to a burnoff of 56% (S mg of sample, heating rate of 30 °C
min~, and total volume flow of 10 mL min™'). Reprinted with
permission from ref 60. Copyright 2005 American Chemical Society.

The authors performed high-temperature TPD and TPR
experiments to up to 1400 °C with various N-doped carbons
derived from different precursors in order to compare the
corresponding emission profiles that were detected by mass
spectrometry. In general, the overall amount of N desorbed
during TPR did not deviate considerably from the amount
emitted during TPD. However, the presence of hydrogen leads
to an increase in the emission of hydrogen-containing N-
species such as NH; or HCN along with a reduction in N,
evolution. This shift in decomposition products was assigned
to the abundance of surface H-species during TPR, which
appeared to alter the decomposition pathways by increasing
the probability for the desorption of hydrogenated N-species.’
Simultaneously, the NH; and HCN emission maxima were
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Table 5. Decomposition Products and Temperatures of Various S Species during Temperature-Programmed Reduction

Decomposition Decomposition Carbon
Sulfur species Reference
product(s) temperature material
265-300 °C Coal [169]
. 195-220°C Model compound? [165]
Thiols ‘:::—SH H,S 180 °C? Model compound? [165]
¢ 80°C Coal® [156]
190 - 200 °C Coal' [168]
Sulfonic S - 200-300 °C Coal [167]
acids S 300 °C Model compound* [164]
Aliphatic . S0, 600 °C Coal (167]
Sulfones | s \ //o Ha2S 540 °C Model material® [163]
; ../s\\O ) .
Aromatic md 2 600 °C Coal [167]
Sulfones * H>S 650 °C Model material® [163]
Aliphatic R SO 600 °C Coal [167]
Sulfoxides \ HaS 505 °C Model compound’ [163]
S=0
Aromatic | " / SO 600 °C Coal [167]
Sulfoxides - HzS 575°C Model compound® [163]
490 -500 °C Model material® [165]
AIiphatic HaS 360 °C? Model material® [165]
Sulfides . 245 - 440 °C Coal® [156]
------ \ 280 - 400 °C? Coal [162]
S
/ 590~ 610 °C Model material® [165]
Aromatic b i 300-320°C? Model material'® [165]
Sulfides 610°C Coal® [156]
280 - 400 °C? Coal [162]
710-745°C Model material'* [165]
“, : 480 °C? Model material'* [165]
Thiophenes '©s H;S 700 - 1000 °C Coal® [156]
430-530°C Coal [155]
450-520 °C? Coal [162]

“The experiment was performed at 150 bar. *Coal reduced by potassium in liquid ammonia. *Cysteine. >The sample was mixed with a “reducing
mixture” consisting of resorcinol, pyrogallol, phenanthrene, and 9,10-dihydrophenanthrene. “Coal” refers to pristine coal and coal pyrolyzed at
temperatures between 250 and 1700 °C. “Dodecyl benzenesulfonic acid. “p-Hydroxyphenyl methyl sulfone immobilized on silica. °Di(p-

hydro.

henyl) sulfone immobilized on silica. “p-Hydroxyphenyl methyl sulfoxide. *Di(p-hydroxyphenyl) sulfoxide. Thioanisol immobilized on

silica. "’Diphenylsulfide immobilized on silica. * ' Dibenzothiophene immobilized on silica.

shifted to lower temperatures. Additionally, the N, evolution
profiles differed significantly for some of the samples, as the
unimodal profiles observed during TPD turned into multi-
modal profiles in the presence of hydrogen.”” However, it
remains unclear whether the multimodality is a consequence of
the better resolution of previously superimposed desorption
maxima of different N species or whether one N species is
decomposed along multiple pathways or at energetically
different surface sites.

4.4. Sulfur Surface Groups. Temperature-programmed
reduction has been utilized extensively to study sulfur species
found in pristine and processed coals. **~'°" A wide variety of
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different types of sulfur is usually present in coal, including
inorganic (pyrite, sulfates, elemental sulfur etc.) and organic
sulfur species, which differ considerably in their properties.
The nature and distribution of these types of sulfur determine
whether and how the corresponding coal can be further
processed.'>>'371°V1% With the focus on organic sulfur
species, temperature-programmed reduction in a pure hydro-
gen atmosphere is carried out to temperatures of up to 1000
°C in order to discriminate sulfur species according to their
stability toward reduction to H,S."**"*” However, as described
before, TPR experiments are characterized by competition
between the thermal decomposition of surface groups and
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Figure 19. Temperature-programmed reduction of [a] a silica-immobilized sulfone and [b] silica-immobilized dibenzothiophene serving as

reference materials for sulfur species in coal (40—100 mg of sample, plug flow reactor, heating rate of 5 °C min~’, and total flow of 100 mL min~

1

H,). Panel [a] was reproduced with permission from ref 163. Copyright 2000 American Chemical Society. Panel [b] was reproduced with

permission from ref 164. Copyright 2003 Elsevier.

reductive decomposition, which is mainly caused by the
temperature-dependent reactivity of hydrogen. In this context,
temperature-labile, highly oxidized S species such as sulfonic
acids primarily decompose via thermal decomposition,
consequently emitting volatile S species other than H,S (e.g,,
S0,, SO).!¥¥16316% gince earlier setups for the examination of
sulfur species in coal relied on the potentiometric detection of
solely H,S, the recovery rate of sulfur species usually did not
exceed 70—90% of the total amount.”””"*® In an attempt to
increase S recovery, a high-pressure variant of TPR was
introduced that applied H, pressures of up to 150
bar;°>16%165 however, considering the ambiguity of the S
recovery results, mass transport limitations (high residence
times), and the frequent occurrence of secondary reactions, a
meaningful interpretation of high-pressure H,S emission
profiles was challenging.'**'*

Regarding the assignment of decomposition temperatures,
most reports reach the conclusion that the stability of sulfur
species on carbon toward reduction tends to follow the
sequence thiophenes > aromatic sulfides =~ sulfoxides and
sulfones > aliphatic sulfides > thiols and sulfonic acids (Table
S). It should be noted that some sulfur species, usually
assigned as “complex” thiophenes, could not be recovered by
TPR even at temperatures as high as 1000 °C. In order to
examine the reduction and decomé)osition temperatures of
defined sulfur species, Ismail et al,'® van Aelst et al,'® and
Mullens et al.'®* conducted extensive work to establish model
materials, mainly by covalently immobilizing comparatively
small organic model compounds on silica (Figure 19).

Utilizing these tailor-made model materials as reference
materials for TPR, it is possible to deduce precise reduction
and decomposition temperatures and furthermore study
potential secondary reactions (Table 5).""*'°*'% In this
context, it was found that high temperatures induce the
structural evolution of aliphatic and aromatic sulfides, namely,
the formation of thiophenes by cyclization and aromatization,
thus considerably increasing the stability of the original species
toward reduction.'**'®* Beyond the thermally induced
interconversion of sulfur species, inorganic impurities were
found to obscure the results of the analysis of S compounds via
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TPR.!%417 1n particular, Ca-based minerals such as dolomite
and limestone (CaCO;:MgCO; and CaCO;, respectively,
frequently found as impurities in coals) showed a high
potential for H,S capture via the formation of CaS$, leading
to a significantly lower S recovery and an overall distortion of
the H,S evolution profile.'*®

In addition to secondary reactions, the quantification of S
species is usually impeded by broad H,S emission peaks
stemming from the large structural diversity of the individual
classes of S species, leading to overlapping evolution maxima.
In order to circumvent this challenge, deconvolution utilizing
Gaussian functions has been applied to enable a meaningful
quantification of S species. Beyond mathematical deconvolu-
tion, chemical modification was also carried out in order to
circumvent severe signal overlap.'®®'® The reduction of the
coal with potassium in liquid ammonia was shown to be able to
cleave C—S bonds of sulfides and disulfides, yielding thiols.
Since thiols exhibit a decomposition temperature range that is
not affected by overlap of the decomposition of other S
species, this approach could be used for the quantification of
aromatic or aliphatic sulfides.'**"'%

5. TEMPERATURE-PROGRAMMED SURFACE
REACTION

Even though temperature-programmed surface reaction has
not been utilized extensively for the characterization of carbon
materials, some studies have examined the gas-phase
conversion of 2-propanol over carbon, which may serve as a
potential model reaction for carbon surface characterization.
However, in most cases surface characterization was not the
sole purpose of those studies; all the studies used stepwise
temperature changes instead of continuous heating ramps,
mostly in order to be able to present steady-state conversions
and selectivities as functions of temperature. The gas-phase
conversion of 2-propanol in an inert atmosphere over carbon
usually yields the dehydration products propene and
diisoprop_?fl ether in addition to the dehydrogenation product
acetone.'’”'”" While the dehydration reactions were assigned
to the presence of Bronsted acid sites, the dehydrogenation of
2-propanol to acetone was linked to Lewis acid—base pairs as
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active sites.'”" In this context, the TPSR of 2-propanol can be
utilized as a model reaction to prove the presence of
catalytically active and accessible Bronsted and Lewis sites by
measuring the rate and selectivity of the conversion of 2-
propanol to the dehydration and dehydrogenation products,
respectively. In addition, carbon materials that differ in surface
chemistry can be compared using the onset temperatures of
the corresponding reactions in order to draw conclusions
regarding the surface concentration of accessible active sites
and their activities (or “strength” in the acid—base context).
Szymanski et al. used this model reaction to compare the
surface chemistry of pristine and oxidized poly(furfuryl
alcohol) derived carbon and found that the oxidized carbons
exhibited a much higher dehydration activity than the pristine
carbons.'”"'”* The formation of diisopropyl ether and propene
was specifically assigned to the presence of carboxylic acids as
Bronsted sites, while evidence was found that carboxylic acids
of low acid strength were responsible for the formation of
diisopropyl ether and those of higher strength were responsible
for propene formation. Less obvious activity differences
between oxidized and pristine carbons existed in case of the
conversion of 2-propanol to acetone.'”" Bedia et al. employed
different phosphorylated biomass-derived carbons to gas-phase
2-propanol dehydration, where the onset of 2-propanol
conversion could be used to compare the surface acidity of
the various carbons. The dehydration activity correlated well
with the overall concentration of acidic sites determined by
ammonia TPD and was ascribed to the presence of surface
phosphates."'”""

Friedel Ortega et al. studied N-doped carbon nanotubes
synthesized by the post-treatment of oxidized nanotubes with
ammonia at temperatures between 300 and 700 °C, where the
gas-phase conversion of 2-propanol was used specifically to
characterize the acid—base properties of the carbon surface.”
Increasing the ammonia treatment temperatures caused a
significant decrease in surface acidity, with the ratio of the
reaction rates of dehydrogenation and dehydration increasing
considerable. In this context, the dehydration activity was
assigned to acidic imide species acting as Bronsted sites, while
the dehydrogenation of 2-propanol to acetone was linked to
the presence of pyridinic N species. However, the authors note
that, in addition to various N species, all examined materials
exhibited significant concentrations of surface oxides, which
could not be excluded as active sites for 2-propanol
dehydration or dehydrogenation.” Concerning the catalytic
activity, it was found that the materials treated at 300 and 700
°C with NH; exhibited similar 2-propanol conversion rates
(although they displayed different product spectra). Interest-
ingly, the material produced by reacting oxidized CNT's with
ammonia at 500 °C was much less active even though the
overall O and N content was found to be considerably higher
than the material treated at 700 °C, thus hinting at the
presence of a considerable amount of spectator species.”” It
should be emphasized at this point that the difficulty of
interpreting the results of probe reactions will increase with the
complexity of the carbon material, meaning that the surface
characterization of a disordered, porous carbon that exhibits a
wide range of different surface species and defects presents a
significant challenge.

6. CONCLUSION AND PERSPECTIVE

Can temperature-programmed methods become the gold
standard for carbon surface analysis in the future? Although
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they are not yet quite up to the task, we strongly believe that
every effort directed at further development of TPX techniques
is worthwhile. As demand soars for reliable analytical methods
for the qualitative and quantitative characterization of carbon
surface species and especially for methods capable of providing
information on carbon surface reactivity, TPX methods will
certainly occupy key positions in future carbon surface analysis.

Considering the further development of TPX techniques,
efforts directed at the understanding of the extent and
mechanism of undesired side reactions would arguably promise
the highest benefit for TPX as analytical methods. In this
context, heat-induced transformations of surface species (e.g.,
the structural evolution of N species), gaseous decomposition
products (e.g, CO/CO, interconversion via the Boudouard
equilibrium) or nonselective interactions between probe
molecules and the carbon surface (e.g, during NH; TPD)
must be named as most significant issues. Furthermore, signal
assignment and overlapping desorption ranges remain
challenging, especially for methods such as TPR that have
received comparatively little attention to date. Finally, in any
case, temperature-programmed methods examine the reactivity
of a given surface species, which should come into focus as one
of the greatest advantages of these analytical techniques. A
deeper understanding of TPX and, in this context, carbon
surface reactivity can be reached by broadening the scope of
investigation beyond the mere identity of a surface species and
taking into account the chemical environment of a species
(e.g., the “carbon backbone”), which has a significant influence
on the properties of individual surface species.

With these points in mind, we would like to highlight
opportunities and strategies for continuing the development of
temperature programmed methods in terms of both the
qualitative and quantitative assessment of carbon surface
heteroatom species and the assessment of carbon reactivity.

1 In order to increase interlaboratory comparability and
minimize the probability for misinterpretation, we would
like to encourage the establishment of a set of “best
practices” for the TPX analysis of carbon materials in
general. These best practices are aimed at developing a
standardized measurement and data analysis routine,
within which the following aspects play decisive roles:

e The application of rigorous qualitative and
quantitative off-gas analysis, meaning the identi-
fication and quantification of any constituent of
the effluent gas.

Consistent data analysis by kinetic modeling. The
use of at least two different heating rates and two
different inert gases (Ar or He) for every sample
would pave the way for the meaningful analysis of
experimental TPX data, taking into account mass
transfer influences, as diffusion coefficients of
gaseous reaction products are dependent on the
reaction atmosphere.”‘?"174

The development of a procedure for efficient

research data management, meaning a framework

for the comprehensive publication of raw
experimental data, including metadata, as well as
the applied data analysis procedures.

2 Concerning the further development of TPX as an
analytical tool for the analysis of carbon surface
heteroatom species, we would like to encourage the
development of analytical standards. The availability of

https://doi.org/10.1021/acs.chemmater.2c02449
Chem. Mater. 2022, 34, 8490—8516


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

EVE

carbons selectively functionalized with individual heter-
oatom species would provide the opportunity to tackle
multiple gaps of knowledge simultaneously. For instance,
side reactions such as condensation reactions of
neighboring surface groups, readsorption and conversion
of desorbed volatile species, and temperature-dependent
structural evolution of N and S species could be
comprehensively studied using selectively functionalized
carbon surfaces. The examination of individual surface
species on different carbon backbones acting as a
“support” could clarify the influence of the chemical
environment, such as the influence of carbon crystallinity
on the reactivity during TPX analysis. Finally, analytical
standards could be used to verify the assignment of
individual surface species to decomposition products
and temperature ranges (especially for TPR) and could
serve as benchmarks for the kinetic modeling of TPX
experiments, as proposed in the set of “best practices”.
Regarding selective functionalization, initial promisin,
work in the field of selective O,>*° N,'”>'7¢ and §'°*!
functionalization has been conducted, although carbon
materials generated in this way have so far only been
sporadically used as references in the context of TPX
analysis. In the field of N- and S-doped carbons,
references should be synthesized under conditions that
exclude surface oxides in order to exclude mutual
interference (during desorption, reduction, and struc-
tural evolution) on the TPX measurement.

3 Regarding carbon reactivity, the number of defect sites
available for heteroatom chemisorption plays a prom-
inent role in a wide variety of applications of carbon
materials. In this context, we would like to argue for the
revival and inclusion of the concept of active surface area
(ASA, see section 3.2.) in the standard repertoire of
carbon surface characterization. In this sense, the active
surface area, as the fraction of the total surface area
available for O, chemisorption, could serve as a uniform
and quantifiable measure of the defect density and thus
the reactivity of a carbon material, which could be used
to compare carbon materials for their suitability in a
wide variety of applications.

4 Beyond the aqueous phase, only limited approaches for
assessing the surface acidity or basicity of carbon
materials exist. In this sense, we would like to encourage
the further development of NH; and CO, TPD for the
analysis of acidic and basic centers, respectively. In order
to establish NH; and CO, TPD as reliable analytical
methods, considerable research effort has to be directed
at clarifying the detailed interaction of NH; and CO,
with individual surface species, where the elevated
temperatures of the TPD procedure and thus heat-
induced side reactions should be taken into account. In
order to increase the selectivity for acid or base
interactions, especially for the examination of acidic
surface centers, molecular probes other than NH; might
also be considered. Higher selectivity might be achieved
by sterically hindered bases such as pyridine derivatives
(2,6-di-tert-butylpyridine was already used in the
selective poisoning of acidic (Bronstedt) centers on
carbon-based catalysts'””), although the ability to
penetrate pore systems is an important issue that
needs to be taken into account.
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S TPSR has been used only sporadically as an analytical
method for carbon materials. We would like to argue for
the need to conduct a systematic assessment of the
analytical potential of TPSR by investigating appropriate
model reactions, such as the oxidation and dehydration
of 2-propanol (with the lowest possible onset temper-
ature) and attempting to establish clear relationships
between activity and selectivity of the model reactions
and the carbon surface chemistry. Despite these
challenges, we believe that TSPR offers the potential
to significantly complement information on the identity
and quantity of a particular group using its reactivity in
the context of the model reaction employed. Especially
for the use of carbon materials as catalysts or as catalyst
supports, this information would be a large step forward,
as it takes both the chemical environment, i.e., the
carbon backbone and neighboring surface species, and
the accessibility of the species within the pore system
into account.
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