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a b s t r a c t 

Carbon surface oxides have been demonstrated to be crucial for high performing carbon materials in 

various applications. Diffuse reflectance infrared Fourier transform spectroscopy represents a powerful 

time-resolved method to study the surfaces of functional materials under process conditions. Due to the 

severe overlap of the contributions of individual surface groups in combination with compared to or- 

ganic molecules shifted absorption maxima meaningful analysis remains challenging. Especially due to 

the unknown maxima, deconvolution of the superimposed bands is strongly hindered. In this study, we 

developed a procedure based on hydrolysis, thermal annealing or a combination thereof, which allows to 

disentangle carbonyl absorption maxima of carboxylic acids, anhydrides and lactones on carbon surfaces. 

In order to verify the proposed transformations, thorough characterization by temperature programmed 

desorption, X-ray photoelectron spectroscopy, potentiometric titration and Boehm titration was carried 

out. Applying this procedure for a polymer derived reference material, the carbonyl absorption maxi- 

mum could be deduced, which are positioned for lactones at 1771 cm 

−1 , for carboxylic acids between 

1753 cm 

−1 and 1760 cm 

−1 , and for carboxylic anhydrides at 1792 cm 

-1 and 1852 cm 

-1 . This allowed de- 

convolution of the carbonyl band, paving the way for in situ time-resolved analyses. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In light of the current effort s to reduce anthropogenic in- 

uences on the environment, carbon materials represent key- 

omponents of several technical applications. Due to a unique set 

f properties, combining high chemical stability with large surface 

reas, tunable porosity and a rich surface chemistry, carbon is the 

aterial-of-choice in various processes [1] . For instance, functional 

arbon materials are an important class of adsorbents utilized in 

aste water purification [ 2 , 3 ], gas storage [4–6] and gas separation 

 3 , 7 ]. In addition, carbon materials are used in energy storage [8–

0] and to a considerable extent in catalysis [ 11 , 12 ] ( e.g. as catalyst

r support in water splitting [ 13 , 14 ], fuel cells [15–17] hydrogena- 

ions [18] , dehydrogenations [ 19 , 20 ], hydroformylation [21] ). Since 

ll the mentioned applications rely on interactions between the 

arbon surface and a second gaseous or liquid phase, in addition to 
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arbon texture, the surface chemistry plays a crucial role. By creat- 

ng a tailored ensemble of oxygen surface groups, carbon materials 

an be optimized for specific applications. In waste water purifi- 

ation, carbon surface oxides can be used to enhance the sorption 

apacity of polar adsorbates and further to enable selective adsorp- 

ion in multicomponent mixtures [ 22 , 23 ]. Similarly, tailored sur- 

ace oxide ensembles can be used to increase the capacitance of 

upercapacitors [ 24 , 25 ], performance of batteries [10] , to increase 

ispersion [ 26 , 27 ] and control the size [26] of active metal cata- 

ysts and can finally act as catalytic centers themselves [28–31] . 

Carbon surface oxide ensembles are not rigid systems, mean- 

ng that changes in overall concentration and composition may oc- 

ur upon changing environment. In this context, parameters such 

s temperature and chemical environment ( e. g. pH; electrical po- 

ential, O 2 , H 2 ) induce an adaptation of surface oxide ensembles 

y desorption, oxidation, reduction, condensation and hydrolysis. 

n this case, a viable option to gain reliable information of the car- 

on surface chemistry under process conditions are in situ analy- 

is techniques. However, measured by the high technical relevance 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. Model of abundant surface oxides on carbon surfaces. 
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A

f the surface chemistry of sp 

2 hybridized, porous carbon materi- 

ls, such as activated carbon and carbon black, possibilities for in 

itu analysis are significantly underdeveloped. In this sense, in situ 

nalyses of carbon surface oxides have so far only been applied 

poradically, for example in the investigation of carbon-based de- 

ydrogenation catalysts, whereas in situ titration and near ambient 

ressure X-ray photoelectron spectroscopy (XPS) were used[ 30 , 31 ]. 

hile in situ titration (selective poisoning of active centers) is 

 powerful strategy to quantify active sites and deduce reaction 

athways, it is based on chemical modification of the carbon sur- 

ace and yields information on only one individual surface species. 

ear ambient pressure XPS can provide a large amount of use- 

ul information, whereas this method is limited to reactant pres- 

ures of a few millibars. Among other methods, diffuse reflectance 

nfrared Fourier transform spectroscopy (DRIFT spectroscopy) ap- 

ears to be especially suitable for the in situ analysis of oxygen 

urface groups on carbon, as it offers the advantage of being able 

o operate at process conditions in terms of pressure, temperature 

s well as atmosphere, and the measurement itself does not influ- 

nce the sample composition. 

Meldrum et al. used in situ DRIFT spectroscopy to examine the 

nfluence of several gaseous reactants ( e.g. O 2 , CO 2 , H 2 O, NH 3 ) at

arious temperatures on surface oxides on technically relevant sp 

2 

ybridized carbon [ 32 , 33 ]. Upon contact with oxidants (O 2 , CO 2 ) at

levated temperatures, DRIFT spectroscopy enabled to observe the 

xidation of an activated carbon, indicated by developing absorp- 

ion of C = O double and C 

–O single bonds. Introduction of nucle- 

philes such as H 2 O and NH 3 lead to shifting changes in carbonyl 

bsorption, assigned to the hydrolysis of carboxylic anhydrides. 

However, despite the high sensitivity of spectral features such 

s the carbonyl band to changes in the composition of the sur- 

ace oxide ensemble, interpretation of IR spectra provides a ma- 

or challenge due to severe overlap of the contributions of in- 

ividual surface groups to the νC = O absorption region (1600 –

900 cm 

−1 ) and, even more pronounced, to the νC-O, δO -H and 

C -H absorption range (1500 – 10 0 0 cm 

-1 ). Considering the car- 

onyl absorption as spectral feature least affected by overlap, 

his absorption band is a superposition (in case of the simpli- 

ed model molecule ( Fig. 1 )) of contributions of carboxylic acids, 

actones, anhydrides and carbonyl species represented by ketones, 

ldehydes and quinones. In principle, meaningful quantitative in- 

ormation can be extracted from IR bands that represent a su- 

erposition by mathematical deconvolution, but in this case the 

bsorption maxima of the individual contributions must be known. 

In this context, carboxylic acids have been assigned to 

avenumbers ranging from 1700 - 1765 cm 

−1 , whereas most stud- 

es suggest absorption maxima in proximity to 1720 cm 

-1 [ 32 , 34–

0 ]. Carbonyl absorption of carboxylic acids is heavily influenced 

y the presence or absence of hydrogen bonds, meaning that the 
2 
axima of the νC = O band in carboxylic acid dimers (connected by 

wo hydrogen bonds (eg. 1709 cm 

−1 for the benzoic acid dimer)) 

an be shifted to lower wavenumbers by up to 40 cm 

−1 com- 

ared to the carbonyl absorption of the corresponding monomer 

1752 cm 

−1 for the benzoic acid monomer) [41] . In this sense, as 

arboxylic acid dimers should be quite rare on carbon surfaces, 

he “true” absorption maximum (in absence of water) is proba- 

ly found towards the higher-wavenumber end of the absorption 

ange considered in literature. The carbonyl absorption maximum 

f lactones has been assigned to wavenumbers ranging from 1710 

o 1790 cm 

−1 whereas some studies seem to agree on the assign- 

ent of the νC = O vibration of lactones to 1740 cm 

−1 [ 34 , 35 , 37–

9 , 42 , 43 ]. Anhydrides are localized in general at higher wavenum- 

ers, contributing two absorption bands to the carbonyl absorp- 

ion of oxygen functionalized carbons, separated by approximately 

0 cm 

−1 . The lower wavenumber maximum is located in the re- 

ion between 1750 – 1790 cm 

−1 while the higher wavenumber 

bsorption is assigned to a range between 1830 and 1900 cm 

−1 

 32 , 33 , 35 , 38 , 44 , 45 ]. Finally, the νC = O of ketones on carbon sur-

aces has been assigned to the absorption range between 1660 –

720 cm 

−1 [ 36 , 37 , 43 , 46 , 47 ] while the absorption maximum of the

arbonyl band of aldehydes has been located at 1720 cm 

−1 [ 36 , 38 ]

nd that of quinones in the range of 1655 - 1690 cm 

−1 [ 43 , 46 ].

ther studies localize the νC = O vibration of unspecified carbonyl 

pecies conjugated to the carbon backbone in the region between 

600 - 1710 cm 

-1 [ 32 , 33 , 35 , 45 ]. 

The dissonance with regard to the assignment of absorption 

axima in the carbonyl region (160 0–190 0 cm 

−1 ) of IR spectra re- 

ects on one hand the diverse chemical environments of the in- 

ividual surface oxides, introduced by the reaction of various ox- 

dants (e. g. O 2 [44] , CO 2 [33] , HNO 3 [36] , H 2 O 2 [39] ) on differ-

nt carbon backbones ( e.g . activated carbon [43] , carbon black [44] , 

arbon nanotubes [46] ). On the other hand, studies often go with- 

ut the additional application of complementary analytical meth- 

ds such as Boehm titration, temperature programmed desorption 

TPD) or XPS, turning the interpretation of IR spectra into a major 

hallenge due to the complexity of carbon surface oxide ensem- 

les. 

Since a prominent influence of the carbon backbone on the 

bsorption maxima of individual surface oxides is highly plausi- 

le, the corresponding absorption maxima would have to be deter- 

ined for each new material. In this context, a simple procedure 

or a reliable identification of these properties would represent a 

ignificant advance. 

In this work, we present strategies to derive the νC = O absorp- 

ion maxima in IR spectra of carboxylic acids, lactones and an- 

ydrides on carbon surfaces based on simple wet-chemistry hy- 

rolysis of carboxylic acid derivatives and heat treatment proce- 

ures, or a combination thereof ( Fig. 2 ). As reference material, a 

olymer derived carbon was utilized, which offered similar prop- 

rties to technically important amorphous porous carbons, but at 

 higher chemical purity and especially reproducibility [48] . The 

roposed transformations of carbon surface oxide ensembles are 

losely evaluated by a comprehensive analytical approach, includ- 

ng DRIFT spectroscopy, titration methods, TPD and XPS and al- 

owed to determine the carbonyl absorption ( νC = O) of lactones, 

arboxylic acids and carboxylic anhydrides. 

. Materials and methods 

.1. Materials 

All gases were purchased from Westfalen AG. Phlorogluci- 

ol and methanol were purchased from Acros Organics. Pluronic 

127 and 37 wt-% formaldehyde solution were supplied by Sigma 

ldrich. From Fisher Scientific, 37 wt-% hydrochloric acid, techni- 
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Fig. 2. General procedures for obtaining selectively functionalized carbon materials by hydrolysis and heat treatment procedures, in order to identify carbonyl absorption 

maxima for lactones, carboxylic acids and anhydrides. 
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al grade ethanol and 65 wt-% nitric acid purchased. Alfa Aesar 

upplied potassium nitrate. Potassium hydroxide (85 wt-%) as well 

s calibration buffers for the potentiometric titration and Boehm 

itration were purchased from Carl Roth. Standard solutions for po- 

entiometric and Boehm titration (0.1 M HCl, 0.01 M HCl, 0.1 M 

OH, 0.01 M KOH, 0.01 N Na 2 CO 3 , 0.01 N NaHCO 3 ) were purchased

rom Merck. 

.2. Carbon precursor 

To obtain the carbon precursor, a synthesis procedure follow- 

ng Herold et al. was applied [48] . In short, in a 3 L round bot-

om flask, 26.2 g Phloroglucinol (1,3,5-trihydroxy benzene), 52.4 g 

luronic R © F127 and 10 g 37 wt-% HCl are heated under stirring 

ith a KPG stirrer (500 rpm, half-moon impeller, 70 mm blade) in 

320 mL EtOH to reflux. Upon addition of 26 g 37 wt-% aqueous 

ormaldehyde solution, the reaction mixture turns turbid within 

inutes. After refluxing for 2 h, a yellow precipitate is collected by 

ltration. After washing thoroughly with EtOH and vacuum drying 

t 30 mbar and 60 °C, 47.3 g of bright yellow polymer aggregates 

re obtained. 

.3. Pyrolysis 

20 g of polymer particles are subjected to pyrolysis in a hor- 

zontal tubular furnace (Carbolite Gero GmbH) under a flow of 

0 dm 

3 h 

-1 (STP) He. The samples are heated at a rate of 120 °C h 

-1 

rom room temperature to 850 °C, this temperature level is main- 

ained for 2 h, subsequently the samples are cooled to room tem- 

erature with a cooling rate of 120 °C h 

-1 . After cooling, 8 g of

olymer-derived carbon are obtained. 

.4. Hydrothermal NO x oxidation 

In a PTFE coated autoclave (Berghof Products + Instruments, 

B-500) 5.0 g of carbon are suspended in 250 mL of 1,5 M aque- 
3 
us HNO 3 . The autoclave is heated with a heating jacket adjusted 

o 180 °C. As soon as the internal temperature reaches a point 

5 °C below the adjusted external temperature (165 °C), the “re- 

ction timing” starts. After 1 h, the autoclave is transferred to a 

ater bath (RT) to cool. After cooling, reaction gases (NO x , CO 2 ) 

re released by a needle valve and passed through diluted aque- 

us KOH. The resulting oxidized carbon is collected by filtration, 

ashed thoroughly with deionized water and is dried at 60 °C and 

0 mbar. After drying, 3.73 g of oxidized polymer-derived carbon 

abbreviated as O-PDC) are obtained. 

.5. Thermal annealing 

In a STA 409 PC Luxx thermogravimetry device (NETZSCH 

mbH), 200 mg of carbon are heated under a flow of 30 mL/min 

STP) He in a Al 2 O 3 crucible with a rate of 5 K/min to the desired

emperature. The target temperature is maintained for 1 h, subse- 

uently the sample is cooled to room temperature with a cooling 

ate of 10 K/min. 

The use of thermal treatments is indicated in the name of sam- 

les when using HeXXX °C , where He marks heat treatment in he- 

ium atmosphere while XXX refers to the employed temperature 

for example O-PDC-He510 °C). 

.6. Hydrolysis with KOH 

In a round-bottom flask equipped with a cooler, 500 mg of O- 

DC are suspended in 100 mL 3 M aq. KOH. The oil bath is heated 

o the desired temperature, and is stirred with a magnetic stir- 

er for the desired time. Upon cooling, the liquid is removed by 

entrifugation/decantation and the carbon sample is re-suspended 

or 2 h in 100 mL 10 wt-% aq. HCl in order to neutralize resid- 

al/adsorbed KOH. Afterwards, the carbon sample is collected by 

entrifugation and washed thoroughly with a H 2 O/MeOH mixture 

approx. 4:1 vol:vol) and is dried at 60 °C and 30 mbar. 
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Fig. 3. [a] DRIFT spectrum of oxidized polymer-derived carbon. [b] TPD of oxidized polymer-derived carbon. 

p

r

H  

o

6

2

p

2

7

(

e

t

l

r

T

b

o

t

r

T

K

i

r

a

p

b

f

w

a

o

t

t

t

3

3

m

c

(

(

i

w

S

b

a

s

T

a

s

t

P

c

a

c

t

w

l

d

q

a

t

d

c

e

O

O

a

t

c

The use of KOH hydrolysis is indicated in the name of sam- 

les by using annotations following the logic of KOH-temperature- 

eaction time (for example O-PDC-KOH-RT-24 h). 

For obtaining O-PDC-He510 °C-KOH, a suspension of O-PDC- 

e510 °C is stirred in 3 M KOH for 72 h at an oil bath temperature

f 120 °C. O-PDC-KOH refers to O-PDC treated with 3 M KOH at 

0 °C for 24 h ( e. g. O-PDC-KOH-60 °C-24 h). 

.7. Reproducibility 

All experiments were carried out at least twice, whereas no 

roblems with reproducibility were encountered. 

.8. Analytics 

DRIFT spectroscopy was conducted employing a Bruker VERTEX 

0 spectrometer with a Praying Mantis diffuse reflection accessory 

Harrick Scientific) at a resolution of 1 cm 

−1 , using KBr as a ref- 

rence. TPD measurements were carried out in a STA 409 PC Luxx 

hermogravimetric balance (NETZSCH) coupled to a calibrated on- 

ine mass spectrometer (Omnistar, Pfeiffer Vacuum) at a heating 

amp of 5 °C min min 

−1 with He as carrier gas. Deconvolution of 

PD emission profiles was conducted using a procedure proposed 

y Pereira , Figueiredo and co-workers [49–51] . XPS was carried 

ut using a SSX 100 ESCA spectrometer (Surface Science Labora- 

ories) employing monochromatic Al K α irradiation. Potentiomet- 

ic titration was conducted on an automatic titrator T50 (Mettler 

oledo) from pH 3 to pH 11, dosing a constant amount of 0.1 M 

OH every 1200s. Proton sorption isotherms and the correspond- 

ng acidity constant distributions were derived from potentiomet- 

ic titration curves according to a procedure proposed by Bandosz 

nd co-workers [52] . Boehm titration was executed according to a 

rocedure published by Ackermann et al. by contacting the car- 

on samples with 0.01 N solutions of NaHCO 3 , Na 2 CO 3 and NaOH 

or 48 h, followed by acidification with 0.01 N HCl and titration 

ith 0.01 N Na 2 CO 3 [53] . Elemental analysis was carried out using 

 Vario EL III (Elementar Analysesysteme) device employing O 2 as 

xidant and a gas chromatograph for the quantification of gasifica- 

ion products. 

For detailed analytic procedures concerning TPD, potentiometric 

itration, Boehm titration, DRIFTS, XPS and elemental analysis see 

he supporting information. 

a

4 
. Results and discussion 

.1. Oxidized polymer derived carbon as base material for this study 

Base material for the study is a recently introduced reference 

aterial for amorphous porous carbons using polymer derived 

arbon which is NO x oxidized under hydrothermal conditions 

1.5 M HNO 3 , 180 °C, denoted as oxidized polymer derived carbon 

O-PDC)). Characterization of the pristine polymer derived carbon 

s described in detail elsewhere [48] . The hydrothermal treatment 

ith HNO 3 introduces a high oxygen loading of 34.3 wt-% (Table 

1). 

DRIFT spectroscopy of O-PDC reveals two distinct absorption 

ands centered at 1785 cm 

−1 and 1638 cm 

-1 with a local minimum 

t 1705 cm 

−1 , corresponding to νC = O vibrations and to the ab- 

orption of substituted C = C moieties and surface carbonates [44] . 

he third observable signal is a rather broad absorption centered 

t 1368 cm 

−1 with shoulders at 1440 cm 

-1 and 1310 cm 

−1 , repre- 

enting contributions of νC-O and δO -H vibrations. The position of 

he maximum of the νC = O vibration in the DRIFT spectrum of O- 

DC indicates the presence of carboxylic acid derivatives, especially 

arboxylic anhydrides ( Fig. 3 a). 

TPD of O-PDC shows distinct CO 2 evolution maxima at 310, 450 

nd 650 °C, corresponding to the desorption of carboxylic acids, 

arboxylic anhydrides and lactones ( Fig. 3 b) [ 50 , 54–57 ]. CO evolu- 

ion is detected in a temperature range from 400 °C to 10 0 0 °C, 

ith the maximum located at 675 °C. This broad signal is most 

ikely a superposition of the CO evolution in consequence of the 

ecomposition of alcohols, carbonyl species (aldehydes, ketones, 

uinones) and ethers (Table S2) [ 50 , 54–57 ]. Besides CO and CO 2 , 

lso a significant amount of chemisorbed water is detected be- 

ween 150 and 400 °C, speaking for the occurrence of thermal in- 

uced condensation reactions. 

Potentiometric titration with KOH of O-PDC revealed a signifi- 

ant ion exchange capacity of 3.81 mmol g -1 , suggesting the pres- 

nce of a significant concentration of acidic surface oxides on 

-PDC (Figure S1a). This could be verified by Boehm titration of 

-PDC, whereas 2.73 mmol g −1 NaHCO 3 , 3.20 mmol g −1 Na 2 CO 3 

nd 4.02 mmol g −1 NaOH were consumed (Figure S1b). In this con- 

ext, the comparatively high NaHCO 3 uptake indicates a high con- 

entration of carboxylic acids on the surface of O-PDC . 

XPS of O-PDC underscores these findings, with carbon species 

mounting to 82.1 at-% of the overall surface composition, with 
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Fig. 4. DRIFT spectra of O-PDC and O-PDC after thermal annealing in inert atmo- 

sphere at various temperatures. 
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1.8 at-% of the surface atom ensemble represented by carbon 

pecies exclusively bound to carbon, 9.2 at-% by carbon species 

ound by a single bond to oxygen (C 

–O), 3.1 at-% by carbonyl 

pecies (C = O) and 8.1 at-% by carbon in carboxylic acid and its 

erivates (O-C = O, Table S3 and Figures S2-S4). Oxygen surface 

pecies amount to 17.9 at-% of the overall surface composition, 

ith 5.4 at-% present as carbonyl oxygen species (found in an- 

ydrides, lactones, aldehydes, ketones and quinones), 6.2 at-% as 

xygen in carboxylic acids and 5.8 at-% corresponding to oxygen 

n ethers and alcohols (with the balance being physically adsorbed 

ater, Figures S3 and S4, Table S4). 

In summary, the harsh hydrothermal oxidation yields a carbon 

aterial with high oxygen loading present in form of a wide va- 

iety of different carbon surface oxides, that resembles hydrother- 

ally oxidized carbons discussed in literature [ 58 , 59 ] and is well- 

epresented by the model “molecule” shown in Fig. 1 . 

.2. Identification of lactone IR-bands through carbon materials 

ubmitted to thermal desorption 

To study the carbonyl absorption of lactones, the high thermal 

tability of lactones compared to carboxylic acids and anhydrides 

as exploited in order to “isolate” lactones by removing acids and 

nhydrides via thermal desorption at 510 °C while lactones re- 

ain on the carbon surface. Following this approach, additional 

o lactones also aldehydes, ketones and quinones can attribute to 

he νC = O absorption, as they exhibit high desorption tempera- 

ures well over 700 °C [ 48 , 50 , 55–57 , 60 ]. However, on one hand,

or the thermally annealed sample the concentration of these car- 

onyl species detected by analysis of the XPS C1s region is quite 

ow (3.3 at-%, (Table S4)). On the other hand, the proposed ab- 

orption maxima of these groups (1655 cm 

−1 - 1720 cm 

−1 , see 

ntroduction) coincide directly with the observed local absorption 

inimum in the DRIFT spectrum of O-PDC centered at 1705 cm 

−1 

 Fig. 3 a), suggesting that the influence (meaning the extinction co- 

fficient) of aldehydes, ketones and quinones on the νC = O contri- 

ution is rather low in general. 

Fig. 4 shows DRIFT spectra of oxidized carbons which were 

hermally annealed between 252 °C and 800 °C (the chosen tem- 

eratures were inspired by Düngen et al. [55] ; for a TPD analy- 

is of the annealed carbons see Figure S5). Upon heating O-PDC to 
5 
10 °C, a shift in the position of the carbonyl absorption was de- 

ected (by 16 cm 

−1 from 1787 cm 

−1 to 1771 cm 

−1 , Figs. 4 and 5 b)

nd thermal treatment of O-PDC in inert gas at 510 °C (denoted 

s O-PDC-He510 °C) was subsequently employed further for deriv- 

ng the carbonyl absorption of lactones ( Fig. 5 a). It should be noted 

t this point, that the desorption temperature range of anhydrides 

nd lactones overlaps to some extent (see Table S2), meaning that 

uantitative desorption of anhydrides simultaneously results in the 

emoval of temperature labile lactones. 

Upon heating O-PDC to 510 °C in inert atmosphere, the oxygen 

ontent drops significantly from 34.3 wt-% for O-PDC to 16.5 wt-% 

or O-PDC-He510 °C, indicating the loss of a significant fraction of 

he surface oxide ensemble (Table S1). 

TPD of O-PDC-He510 °C reveals that the annealing procedure 

oes not exhibit a pronounced influence on the emitted amount 

f CO ( + 2%), however the CO emission profile is narrowed and 

 significant higher CO evolution can be detected in the region of 

he desorption maximum around 680 °C ( Fig. 5 c). The amount of 

esorbed CO 2 decreases by 66%, while the amount of chemisorbed 

ater, released between 150 °C and 500 °C, decreases by 87%. The 

O 2 desorption is detected as a single desorption peak centered at 

65 °C, which falls in the desorption temperature range of lactones 

roposed in the literature ( Fig. 5 c, Table S2) [ 50 , 54–57 ]. It should

e noted at this point, that re-oxidation of defects caused by anhy- 

ride and carboxylic acid desorption upon exposure to air does not 

eem to play a substantial role, as no significant CO 2 evolution be- 

ow the annealing temperature of 510 °C could be observed during 

PD. The fitting of TPD CO and CO 2 emission profiles building on a 

rocedure proposed in the literature verifies the observed changes 

Figures S6 and S7) [49–51] . 

This result is mirrored by Boehm titration, whereas the 

ase consumption drops upon thermal annealing for NaHCO 3 

y 90% from 2.73 to 0.27 mmol g −1 , for Na 2 CO 3 by 90% from 

.20 mmol g −1 for O-PDC to 0.32 mmol g −1 for O-PDC-He510 °C 

nd in case of NaOH by 91% from 4.02 to 0.36 mmol g −1 ( Fig. 5 d).

he loss of strongly acidic surface groups ( e. g. carboxylic acids and 

nhydrides) is further verified by potentiometric titration, as the 

on exchange capacity drops sharply by 81% from 3.81 mmol g -1 to 

.71 mmol g −1 (Figure S8). Extraction of the acidity constant distri- 

ution from the potentiometric titration curves shows that contri- 

utions assigned to carboxylic acids of O-PDC (at pKa 3.1 and 5.7) 

ecline substantially upon thermal annealing of O-PDC (Figure S9). 

Analysis of the O1s XPS contribution of O-PDC-He510 °C shows 

n general a decrease of the concentration of oxygen surface 

pecies ( −28%), whereas the decrease in carboxylic acid surface 

oncentration is disproportionate high (C = O species decrease by 

5%, C-O-R by 14%, COOH decreases by 48%)(Figures S3 and S4, 

able S3, for detailed analysis of the C1s contribution, see Ta- 

le S4 and Figures S3 and S4). In this context, the applied fit- 

ing model for the O1s XPS region yields a sharp rise in the ratio 

f C = O/COOH species (C = O corresponds to lactones, anhydrides, 

ldehydes, ketones and quinones; COOH corresponds to carboxylic 

cids) from 0.87 for O-PDC to 1.46 for O-PDC-He510 °C. 

In order to verify if the identity of the isolated, CO 2 -emitting 

roups as lactones, KOH hydrolysis was employed, to convert sur- 

ace lactones into carboxylic acids and the corresponding hydroxyl 

roups ( Fig. 5 a). Upon contact with KOH, the oxygen content in- 

reased from 16.5 wt-% for O-PDC-He510 °C to 21.2 wt-% for O- 

DC-He510 °C-KOH, indicating a significant uptake of OH 

− ions 

Table S1). In the DRIFT spectrum, the KOH hydrolysis leads to a 

urther shift in the νC = O contribution from 1771 to 1753 cm 

−1 , in-

icating that the dominant species in the spectrum is indeed sen- 

itive to OH 

− ( Fig. 5 b). 

TPD of O-PDC-He510 °C-KOH reveals an increase of CO 2 emis- 

ion by 16%, as in addition to the emission maximum centered at 
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Fig. 5. [a] Synthetic procedure for the isolation of lactones by thermal annealing at 510 °C and verification by hydrolysis of the lactones with KOH. [b] DRIFT spectra of 

O-PDC, O-PDC-He510 °C and O-PDC-He510 °C-KOH. [c] Comparison of the TPD profiles of O-PDC and O-PDC-He510 °C. [d] Boehm titration and oxygen content (elemental 

analysis) of O-PDC, O-PDC-He510 °C and O-PDC-He510 °C-KOH. [e] Comparison of the TPD profiles of O-PDC-He510 °C and O-PDC-He510 °C-KOH. 
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50 °C observed with O-PDC-He510 °C, CO 2 emission at lower tem- 

eratures, with a maximum at 400 °C (corresponding to the des- 

rption of anhydrides) and a shoulder at 300 °C (corresponding to 

arboxylic acid decomposition) reappears upon contact with KOH 

 Fig. 5 e). The detection of the significant CO 2 emission at 650 °C 

nd 400 °C which is attributed to the decomposition of lactones 

ith O-PDC-He510 °C-KOH does not contradict the success of the 

ydrolysis reaction, as it yields neighboring hydroxyl groups and 

arboxylic acids which are prone to thermally induced conden- 

ation. These condensation reactions are important side reactions 

n TPD and are indicated by the significant emission of water in 

he case of O-PDC-He510 °C-KOH between 150 and 500 °C. In this 

ense, the lactones detected in the CO 2 emission profile of O-PDC- 

e510 °C are present in the pristine sample prior heat treatment 

uring TPD analysis, as no significant evolution of water could be 

etected. In contrary, lactones and anhydrides observed in the CO 
2 

6 
mission profile of O-PDC-He510 °C-KOH are likely to be a product 

f condensation reactions, as a significant amount of chemically 

dsorbed water could be detected during TPD. The TPD difference 

lot between O-PDC-He510 °C and O-PDC-He510 °C-KOH confirms 

he formation of carboxylic acid groups and anhydrides, showing 

axima in relative CO 2 emission centered at 275 °C, 400 °C and 

10 °C (Figure S10). A minimum in relative CO 2 emission is de- 

ected at 680 °C, indicating a decrease in concentration of sur- 

ace lactones. The CO difference plot reveals a maximum in rela- 

ive CO emission at 530 °C, and a minimum centered at 680 °C. 

he maximum in relative emission at 530 °C can be attributed to 

he desorption of hydroxyl groups, which are formed upon lactone 

ydrolysis [48] . This increase in carboxylic acids, anhydride and 

henol concentration upon contact with KOH could also be veri- 

ed by the fitting of the CO and CO 2 emission profiles (Figures S6 

nd S7). 
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Fig. 6. [a] Synthetic procedure for hydrolysis of anhydrides and lactones to form carboxylic acids. [b] DRIFT spectra of O-PDC and O-PDC contacted with 3 M KOH at various 

conditions (-RT-6 h; RT-24 h; −60 °C-24 h; −120 °C-24 h). [c] Comparison of the TPD profiles of O-PDC and O-PDC-KOH-RT-24 h. 
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Especially Boehm titration draws a clear picture, with an in- 

rease in NaHCO 3 consumption of 163% from 0.27 mmol g −1 for 

-PDC-He510 °C to 0.71 mmol g −1 for O-PDC-He510 °C-KOH, a rise 

n Na 2 CO 3 uptake by 256% (from 0.32 to 1.14 mmol g − 1 ) and 

n increase of NaOH consumption by 261% from 0.36 mmol g −1 

o 1.30 mmol g −1 ( Fig. 5 d). In addition to the generation of highly 

cidic groups, the increase in NaOH suggests also a rise in concen- 

ration of weakly acidic surface groups such as phenols. The gener- 

tion of acidic surface groups by KOH hydrolysis is further verified 

y potentiometric titration, whereas the ion exchange capacity in- 

reases by 36% from 0.71 mmol g −1 to 0.97 mmol g −1 (Figure S8). 

Analysis of the XPS O1s region of O-PDC-He510 °C-KOH shows a 

rop in the concentration of C = O species ( −15%), while the surface 

oncentration of -COOH rises by 100% (Figures S3 and S4, Table 

3, for detailed analysis of the C1s contribution, see Table S4 and 

igures S3 and S4). This change is reflected by the C = O/COOH ratio, 

hich drops sharply upon contact to KOH from 1.46 for O-PDC- 

e510 °C to 0.61 for O-PDC-He510 °C-KOH. 

In conclusion, the successful thermal desorption of carboxylic 

cids and anhydrides at 510 °C led to a carbon material enriched 

n lactones and from its DRIFT spectra it can be deduced that the 

actone carbonyl absorption maximum is positioned at 1771 cm 

−1 . 

he following, generalized procedure can therefore be applied to 

ny carbon material: Starting at 450 °C (desorption maximum of 

nhydrides), isothermal desorption is carried out with gradually in- 

reasing temperature until a shift of the DRIFTS carbonyl band oc- 

urs. The resulting position of the carbonyl absorption maximum 

f lactones can be verified by KOH hydrolysis and subsequent iden- 

ification of hydroxyl and carboxylic acids as reaction products. 

.3. Identification of carboxylic acid IR-bands through carbon 

aterials submitted to hydrolysis 

As the cleavage of lactones to form carboxylic acids and hy- 

roxyl groups appeared to be successful, this approach was trans- 

erred to O-PDC without the thermal annealing step, in order to 
7 
btain a carbon mostly occupied by carboxylic acids by hydrolysis 

f carboxylic anhydrides and lactones. For this purpose, O-PDC was 

reated with 3 M KOH. Using different contact times and temper- 

tures, conditions for near quantitative conversions were deduced 

 Fig. 6 a). 

The base treatment leads to an initial loss of total oxygen de- 

ected by elemental analysis, which increases with rising treat- 

ent temperature and duration from 34.3 wt-% for O-PDC down 

o 27.3 wt-% for O-PDC-KOH-120 °C-24 h which is most likely 

aused by base catalyzed decarboxylation (Table S1) [61] . DRIFT 

pectroscopy shows a shift of the νC = O absorption band from 

785 cm 

−1 to 1776 cm 

−1 when O-PDC is contacted with KOH at 

oom temperature for 6 h ( Fig. 6 b). Treatment with KOH for 24 h 

t room temperature leads to a more pronounced shift by 25 cm 

−1 

rom 1785 to 1760 cm 

−1 . At this point, the hydrolysis reaction ap- 

ears to be close to completeness, as rising the temperature from 

oom temperature to 60 °C does not yield a significantly changed 

C = O shift (1758 cm 

−1 ). Although the hydrolysis at 120 °C leads 

o a slight shift of the carbonyl band from 1785 to 1753 cm 

−1 , it 

s also associated with the greatest loss of total oxygen, with the 

arsh reaction conditions increasing the probability of decarboxy- 

ation reactions. These observations imply a successful hydrolysis 

f the lactones and anhydrides of O-PDC, since a wide range of in- 

reasingly harsh reaction conditions (room temperature → 120 °C) 

roduce a similar shift of the carbonyl band (from 1785 cm 

−1 for 

-PDC to1760 – 1753 cm 

−1 for the KOH treated carbons) ( Fig. 6 b). 

TPD profiles reflect the loss of total oxygen, as the amount of 

mitted oxygen (considering CO 2 , CO and H 2 O emission) decreases 

or all KOH treated samples (-RT-6 h −9%; -RT-24 h −8%; −60 °C- 

4 h −6%; 120 °C-24 h −27%) ( Figs. 6 c, S11). TPD profiles for O-

DC-KOH-RT-6 h, O-PDC-KOH-RT-24 h and O-PDC-KOH-60 °C-24 h 

xhibit similar shapes, characterized on one hand by insignificant 

hanges in the CO desorption profile and consequently in the con- 

entrations of CO emitting species determined by fitting the TPD 

O emission profile (Figures S11 - S13). Paradoxically, KOH treat- 

ent of O-PDC leads to a decrease in CO 2 desorption in the range 
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Fig. 7. [a] Total water emission and results of the fitting of the TPD CO 2 emission profile of O-PDC, O-PDC-KOH-RT-6 h, O-PDC-KOH-RT-24 h, O-PDC-KOH-60 °C-24 h and 

O-PDC-KOH-120 °C-24 h. [b] Total CO 2 emission assigned to carboxylic acids, anhydrides and lactones of O-PDC treated with KOH under various conditions, calculated under 

the assumption that the total H 2 O emission is caused by condensation of carboxylic acids to anhydrides upon heating. 

b

c

S

a

c

6

m

e

t

t

s

d

C

O

t

n

d

t

i

s

O

a

l

i

f

o

t

b

A

s

g

c

g

fl

t

i

t

t

s

c

t

(

f

a

c

o

N

B

o

b

c

p

o

3

c

b

s

u

t

p

a

b

c

(

K

2

H

t

a

6

b

b

h

etween 200 and 400 °C, suggesting a decrease in surface con- 

entration of carboxylic acids ( Figs. 6 c and 7 a; Figures S11 and 

14). At the same time, CO 2 evolution in the range between 400 

nd 500 °C, associated with the desorption of anhydrides also de- 

reases, while the amount of CO 2 emitted in the range between 

00 and 800 °C (assigned to the decomposition of lactones) re- 

ains constant [ 56 , 62 ]. In case of O-PDC-KOH-120 °C-24 h, the CO 2 

mission between 200 and 400 °C, associated with the decomposi- 

ion of carboxylic acids, is decreased to a greater extent compared 

o the other KOH treated samples ( Fig. 7 a, Figure S10d). This ob- 

ervation could be explained by decarboxylation of carboxylic acids 

ue to the harsh reaction conditions over 24 h. However, besides 

O and CO 2 , a significant increase in H 2 O evolution compared to 

-PDC can be observed during TPD of all KOH treated samples be- 

ween 150 and 500 °C ( Fig. 7 a, Figure S11). 

H 2 O emission is associated with side reactions during TPD, 

amely condensation reactions of carboxylic acids (forming anhy- 

rides) and of carboxylic acids with hydroxyl groups (forming lac- 

ones) [55] . In consequence, the carbon surface oxide ensemble 

s altered to a great extent by heating in inert atmosphere, in a 

ense that the actual surface concentration of carboxylic acids of 

-PDC is significantly underestimated, while the concentration of 

nhydrides and lactones of O-PDC is overestimated. Hydrolysis of 

actones and anhydrides by KOH treatment yields reactive groups 

n close proximity to each other, creating ideal starting conditions 

or condensation reactions during TPD. The increased occurrence 

f condensation reactions is reflected by a higher H 2 O emission of 

he KOH-treated samples between 150 and 500 °C, which increases 

y up to 49% in case of O-PDC-KOH-RT-24 h compared to O-PDC. 

ssuming that the total water emission is caused by the conden- 

ation reaction of carboxylic acids to form anhydrides (thereby ne- 

lecting formation of lactones and ethers) and considering the stoi- 

hiometry of this reaction, the “real” concentration of CO 2 emitting 

roups (carboxylic acids, anhydrides and lactones) without the in- 

uence of condensation reactions can be calculated ( Fig. 7 b). 

Taking water emission as a consequence of anhydride forma- 

ion upon heating into account, carboxylic acids become the dom- 

nant species on the KOH treated carbons by far. The validity of 
8 
he presented assumption is affirmed by titration techniques, as 

he concentration of carboxylic acids derived by TPD without con- 

idering water emission accounted only to roughly 50% of NaHCO 3 

onsumption determined by Boehm titration and to about 40% of 

he ion exchange capacity determined by potentiometric titration 

 Fig. 8 ). However, if water emission as consequence of the trans- 

ormation of carboxylic acids to anhydrides is included into the 

nalysis, the consistency between the COOH and anhydride con- 

entrations obtained by TPD and the corresponding consumptions 

f NaHCO 3 (assigned to the deprotonation of carboxylic acids) and 

a 2 CO 3 (assigned to the “deprotonation” of anhydrides) during 

oehm titration increased considerably ( Fig. 8 a). A similar trend is 

bserved for the comparison of the COOH concentrations obtained 

y TPD (considering condensation reactions) with the ion exchange 

apacities obtained by potentiometric titration ( Fig. 8 b). 

In this context, Boehm titration shows that the KOH-treatment 

roduces materials of comparable surface acidity (consumption 

f NaHCO 3 from 2.51 to 2.72 mmol g −1 ; Na 2 CO 3 from 3.11 to 

.20 mmol g −1 ; NaOH from 3.88 to 4.02 mmol g −1 ), which 

ould be an indicator for an overlap of hydrolysis and decar- 

oxylation reactions, or on the other hand could be a con- 

equence of charge accumulation on the carbon particles (Fig- 

re S15a). Due to the high oxygen loading, increasing depro- 

onation could lead to a build-up of negative charges on the 

article surface, which might prevent further neutralization of 

cidic surface groups at the given pH of the corresponding 

ase solutions. Similarly, potentiometric titration shows ion ex- 

hange capacities for O-PDC, (3.81 mmol g −1 ) O-PDC-KOH-RT-6 h, 

4.25 mmol g − 1 ) O-PDC-KOH-RT-24 h, (3.28 mmol g -1 ) O-PDC- 

OH-60 °C-24 h, (3.36 mmol g −1 ) as well as O-PDC-KOH-120 °C- 

4 h (3.31 mmol g -1 ) that do not differ extensively (Figure S15b). 

owever, closer analysis of potentiometric titration curves by ex- 

raction of acidity constant distributions reveals the presence of an 

dditional carboxylic acid species with a pKa in the range between 

.4 and 6.9, which is not observed in the acidity constant distri- 

ution of O-PDC. This new contribution might be assigned to car- 

oxylic acids produced by hydrolytic cleavage of lactones and an- 

ydrides (Figure S16). 
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Fig. 8. [a] Correlation of the quantity of acidic surface groups obtained by fitting of the TPD CO 2 emission profile and Boehm titration. [b] Correlation of the quantity of 

carboxylic acids obtained by TPD fitting with the ion exchange capacity obtained by potentiometric titration. Full symbols display the quantification results as measured, 

while the empty symbols display the correlation when condensation of carboxylic acids to form anhydrides is taken into account. 
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Analysis of the XPS C1s region shows that the surface concen- 

ration of carbon bound to oxygen by single bounds (C-O 7.9 - 

0.7 at-%),of carbonyl carbon species (2.8 - 3.7 at-%) and carbon 

ound in carboxylic acid derivatives (8.1 - 9.3 at-%) does not fol- 

ow any trend upon KOH treatment, suggesting that the influence 

f side reactions might be low (Table S4, Figures S17 and S18). 

n case of the XPS O1s contribution, increasingly harsh KOH hy- 

rolysis conditions lead to a decrease in concentration of the car- 

onyl oxygen contribution that is present in anhydrides, lactones, 

ldehydes, ketones and quinones (Table S3 and Figures S17 and 

18). The surface concentration of carboxylic acids increases ini- 

ially from 6.2 at-% of O-PDC to 8.1 at-% for O-PDC-KOH-RT-24 h 

nd subsequently decreases to 6.3 at-% for O-PDC-KOH-60 °C-24 h 

nd 6.1 at-% for O-PDC-KOH-120 °C-24 h. Overall, this results in a 

ignificant decrease in the C = O/COOH ratio, dropping from 0.87 for 

-PDC to 0.31 for O-PDC-KOH-120 °C-24 h. 

In conclusion, the results of the hydrolysis of O-PDC show 

ome ambiguity due to overlapping influences of hydrolysis and 

ecarboxylation. However, the good correlation of “condensation 

orrected TPD” with titration methods and, looking at the bigger 

icture, the successful hydrolysis of lactones as well as the suc- 

essful re-condensation to anhydrides (see Section 3.4 ), strongly 

uggest that the proposed base hydrolysis procedure of lactones 

nd anhydrides does indeed yield a carbon material largely oc- 

upied by carboxylic acids. Hence, the carbonyl absorption maxi- 

um of carboxylic acids can be assigned to a wavelength region 

etween 1753 cm 

−1 and 1760 cm 

−1 . Again, this procedure can be 

pplied for the identification of the position of the carbonyl ab- 

orption maximum of carboxylic acids for an arbitrary carbon ma- 

erial: For this purpose, hydrolysis with KOH is carried out with 

tep wise increased contact times and reaction temperatures (un- 

er consideration of the wetting behavior). A convergence of the 

arbonyl absorption maximum upon increasingly harsh hydrolysis 

onditions indicates the position of the carbonyl absorption maxi- 

um of carboxylic acids. 

.4. Identification of carboxylic anhydride IR-bands through carbon 

aterials submitted to a combination of hydrolysis and thermal 

esorption 

Inspired by the observation of significant side reactions occur- 

ing during TPD analysis of KOH-treated O-PDC samples, these con- 

ensation reactions of carboxylic acids were exploited in an at- 
9 
empt to produce a carbon surface largely occupied by carboxylic 

nhydrides. In this sense, O-PDC was first treated with KOH in 

rder to create a high surface concentration of carboxylic acids, 

hich were subsequently subjected to condensation by heating the 

arbon to 315 °C. This temperature was chosen as a compromise to 

nduce the formation of carboxylic anhydrides by condensation of 

arboxylic acids and the quantitative desorption of unreacted car- 

oxylic acids, while simultaneously preserving newly-formed an- 

ydrides from decarboxylation. For the condensation reaction, O- 

DC-KOH-60 °C-24 h (abbreviated in this chapter as O-PDC-KOH) 

as employed as starting material ( Fig. 9 a). 

The overall oxygen content decreased initially from 34.3 wt- 

 for O-PDC to 30.3 wt-% for O-PDC-KOH and further after heat 

reatment at 315 °C to 23.6 wt-% for O-PDC-KOH-He315 °C (Table 

1). DRIFT spectroscopy shows an initial shift of the νC 

= O vibra- 

ion maximum to lower wavenumbers from 1785 cm 

−1 for O-PDC 

own to 1758 cm 

−1 for O-PDC-KOH ( Fig. 9 b). By heat treatment 

t 315 °C, this shift is completely reversed, as the carbonyl band 

s shifted by 34 cm 

-1 from 1758 cm 

−1 to 1792 cm 

−1 . Additionally, 

 prior unobserved contribution emerges at 1852 cm 

−1 as a clear 

ign of the presence of cyclic anhydrides, which are usually char- 

cterized by two absorption maxima in the carbonyl region, sepa- 

ated by 50–60 cm 

−1 [ 32 , 38 ]. 

TPD shows a 25% decrease in CO 2 emission and a 12% increase 

n CO evolution for O-PDC-KOH-He315 °C compared to O-PDC-KOH 

 Fig. 9 c). The TPD CO 2 emission profile indicates the absence of 

arboxylic acids, as no significant CO 2 evolution takes place be- 

ow 300 °C and H 2 O emission as a sign of side reaction also re- 

ains comparatively low. Two emission maxima can be observed, 

ne between 400 and 500 °C that can be assigned to the de- 

omposition of anhydrides and another centered at 650 °C that 

s associated with the desorption of lactones. These observations 

re further confirmed by the fitting of the TPD emission pro- 

les (Figures S19 and S20). With the chosen procedure lactone 

ormation can of course not be excluded, as re-condensation of 

eighboring carboxylic acids and hydroxyl groups cannot be pre- 

ented. In consequence of the influence of lactone carbonyl ab- 

orption, the “real” carbonyl absorption maximum of anhydrides 

ill be slightly shifted to higher wavenumbers compared to ex- 

erimentally extracted value. However, as the contribution of iso- 

ated lactones to the IR carbonyl absorption is already known 

as discussed in Section 3.2 ), this does not limit the general 

pproach. 
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Fig. 9. [a] Synthetic procedure for the condensation of carboxylic acids in order to form carboxylic anhydrides. [b] DRIFT spectra of O-PDC, O-PDC-KOH and O-PDC-KOH- 

He315 °C. [c] Comparison of the TPD profiles of O-PDC-KOH and O-PDC-KOH-He315 °C. [d] Composition of oxygen species derived by analysis of the XPS O1s region of 

O-PDC, O-PDC-KOH and O-PDC-KOH-He315 °C. [e] Potentiometric titration of O-PDC, O-PDC-KOH and O-PDC-KOH-He315 °C. 
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Analysis of the XPS O1s region reveals that the surface concen- 

ration of carbonyl oxygen species (found in lactones, anhydrides, 

ldehydes, ketones and quinones) initially decreases by KOH treat- 

ent from 5.4 at-% for O-PDC to 4.1 at-% for O-PDC-KOH, whereas 

he heat treatment at 315 °C reverses this trend, increasing C = O 

urface concentration to 6.4 at-% ( Figs. 9 d, S21 Table S3 (For de- 

ailed analysis of the C1s contribution, see Figures S21 and S22, Ta- 

le S4)). While the surface concentration of COOH does not change 

y treating O-PDC with KOH (6.2 at-% for O-PDC and 6.3 at-% for 

-PDC-KOH), it decreases significantly upon thermal annealing at 

15 °C (3.6 at-% for O-PDC-KOH-He315 °C). These results lead to 
10 
n initially decrease of the C = O/COOH ratio from 0.87 for O-PDC 

o 0.65 for O-PDC-KOH and subsequently to a considerable increase 

o 1.79 for O-PDC-KOH-He315 °C. 

Potentiometric titration initially yields a slight decrease in 

on exchange capacity from 3.81 mmol g −1 for O-PDC to 

.36 mmol g −1 for O-PDC-KOH, while heat treatment at 315 °C 

auses a decrease in ion exchange capacity down to 1.40 mmol g -1 

or O-PDC-KOH-He315 °C, reflecting the loss of carboxylic acid 

roups ( Fig. 9 e). Regarding the acidity constant distributions, the 

wo contributions of O-PDC (pKa 3.1 and 5.7) that can be assigned 

o carboxylic acids are initially joined by third one (pKa 6.6) in 
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Fig. 10. [a] Comparison of DRIFT spectra of O-PDC, O-PDC-KOH, O-PDC-He510 °C and O-PDC-KOH-He315 °C. [b] Deconvolution of the carbonyl band of O-PDC, using the car- 

bonyl absorption maxima derived in this work. Deconvolution was carried out by a least squares fit assuming contributions of individual surface oxides can be approximated 

with Gaussian profiles (for the method of baseline correction, see Figure S25). 
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ase of O-PDC-KOH. However, in consequence of heat treatment at 

15 °C, a substantial decline in all contributions assigned to car- 

oxylic acids can be observed (Figure S23). 

Boehm titration also shows an overall loss of acidic surface 

roups as consumption of NaHCO 3 drops from 2.52 mmol g −1 for 

-PDC-KOH to 1.80 mmol g −1 for O-PDC-KOH-He315 °C, Na 2 CO 3 

ecreases from 3.11 to 2.54 mmol g −1 , while NaOH uptake falls 

rom 3.96 to 3.26 mmol g −1 (Figure S24). In case of Boehm 

itration, the differences between O-PDC-KOH and O-PDC-KOH- 

e315 °C are smaller than those observed with potentiometric 

itration, which might be explained by the difference in contact 

ime. During Boehm titration, the carbon samples are contacted 

or 48 h with the corresponding base solutions, while potentio- 

etric titration takes usually less than 20 h, with the average pH 

alue being significantly lower. These circumstances lead in case 

f Boehm titration (deliberately) to cleavage and neutralization of 

arboxylic anhydrides, while this appears to be negligible during 

otentiometric titration. However, even the comparatively low pH 

alue of 0.01 M NaHCO 3 solution appeared to induce a partial hy- 

rolysis of anhydrides in case of O-PDC-KOH-He315 °C. 

In conclusion, through hydrolysis of carboxylic acid derivates of 

-PDC and subsequent thermal induced re-condensation, a carbon 

urface enriched in carboxylic anhydrides could be obtained and 

mployed to extract the carbonyl absorption maxima of anhydrides 

t 1792 cm 

−1 and 1852 cm 

−1 . This method can be transferred to 

ther carbon materials by first performing the hydrolysis discussed 

n chapter 3.3 to obtain a carbon material enriched with carboxyl 

roups. This material is then treated, starting at 300 °C, stepwise at 

igher temperatures until the carbonyl absorption maximum con- 

erges and both anhydride carbonyl contributions can be clearly 

dentified in the DRIFT spectrum. 

.5. Combining data for the deconvolution of the drifts carbonyl band 

The utilization of selective desorption, hydrolysis and (re- 

condensation was found to be applicable to manipulate carbon 

urface oxides in general and to be suitable to transform carboxylic 

cid derivates into each other specifically. As could be shown by 

horough characterization, the proposed approaches worked well 

o extract the absorption maxima of lactones at 1771 cm 

−1 , car- 

oxylic acids between 1760 and 1753 cm 

−1 and anhydrides at 
11 
792 and 1852 cm 

−1 which fall within the absorption ranges sug- 

ested by the literature (1710 - 1790 cm 

−1 for lactones [ 34 , 35 , 37–

9 , 42 , 43 ], 1700 – 1765 cm 

−1 for carboxylic acids [ 32 , 34–40 ] and

750 −1790 cm 

−1 as well as 1830 - 1900 cm 

−1 for anhydrides 

 32 , 33 , 35 , 38 , 44 , 45 ]), but can provide a significantly higher accuracy

or the studied carbon material considering the broad absorption 

anges given by literature. 

Finally, considering the absorption regions for carboxylic acids 

1753 - 1760 cm 

−1 ), carboxylic anhydrides (1792 cm 

−1 and 

852 cm 

−1 ) and lactones (1771 cm 

−1 ) that can be extracted from 

he presented experiments, it is possible to construct the maxi- 

um and shape of the DRIFTS νC = O absorption of O-PDC as a 

uper position of the contributions of carboxylic acids, anhydrides 

nd lactones ( Fig. 10 ). It should be noted at this point that DRIFT 

pectroscopy can only provide a non-trivial correlation between 

and intensity and concentration of a given species, since band 

ntensities may vary with particle size and sample preparation, 

mong other things [63] . However, if the surface concentration of a 

iven surface oxide on a carbon sample is known ( e. g . determined 

y TPD, XPS), changes in the carbon surface oxide ensemble can be 

onitored time resolved, quantitatively, under process conditions, 

y simply correlating the DRIFTS band intensity at the start of the 

n situ experiment with the known surface concentration [35] . 

. Conclusion 

In conclusion, we proposed a general methodology based on hy- 

rolysis, thermal annealing or a combination thereof for the ex- 

raction of absorption maxima of the IR carbonyl band of carbon 

urface carboxylic acids, anhydrides and lactones. Using the ex- 

mple of an HNO 3 oxidized, polymer derived carbon, it could be 

hown that carboxylic acids and anhydrides can be removed se- 

ectively by thermal annealing in order to isolate lactones, which 

ere found to exhibit a νC = O absorption maximum at 1771 cm 

−1 . 

ydrolysis of lactones and anhydrides on the surface yielded a 

olymer derived carbon occupied largely by carboxylic acids, dis- 

laying the carbonyl absorption maximum between 1753 cm 

−1 

nd 1760 cm 

−1 . Surface anhydrides were formed by controlled re- 

ondensation of carboxylic acids on a base treated oxidized carbon, 

nd were found to exhibit two contributions to the carbonyl ab- 

orption centered at 1792 cm 

−1 and 1852 cm 

−1 . 
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