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A B S T R A C T   

Support effects in supported metal catalysts are well studied for thermocatalytic reactions, but less studied for 
electrocatalytic reactions. Here, we prepared a series of Pt supported on carbon nanofiber catalysts which vary in 
their Pt particle size and the content of oxygen groups on the surface of the CNF. We show that the activity of 
these catalysts for electrocatalytic glucose oxidation relates linearly with the content of support oxygen groups. 
Since the electronic state of Pt (XAS) and Pt surface structure (CO-stripping) were indistinguishable for all 
materials, we conclude that sorption effects of glucose play a crucial role in catalytic activity. This was further 
confirmed by establishing a relation between the annulus of the Pt particles and the activity.   

1. Introduction 

The most promising method for the oxidation of saccharides to 
various carboxylates is through stoichiometric processes (e.g., with ni
tric acid), despite the moderate selectivity and emission of hazardous 
NOx compounds [1,2]. The development of a green and sustainable 
production route for the selective oxidation of saccharides has therefore 
gained great interest. In this regard, electrocatalytic processes have 
attracted increasing attention, as they can operate under mild reaction 
conditions (room temperature, neutral pH) and do not require hazard
ous redox agents [2]. Moreover, in paired electrolysis, the oxidation of 
saccharides at the anode can be achieved at low potentials and conse
quently reduce the energy input for hydrogen evolution or CO2 reduc
tion at the cathode [3–6]. These advances in paired electrolysis are 
promising for cogenerating energy carriers and value-added platform 
chemicals, yet significant further steps need to be made to improve the 
heterogeneous electrocatalyst performance at the anode to bring paired 

electrolysis for large-scale chemical production a step closer to reality. 
There are two distinct approaches to improving the electrocatalyst 

performance, namely by tuning the properties of the supported catalyst 
or the properties of the support itself. The former can be tuned by 
tweaking, among others, the catalyst particle size [7], modifying the 
catalyst surface structure [8,9], encapsulating the catalyst within a 
polymer layer [10], adding ad-atoms [9] or changing the type of metal 
[8,11]. The second approach involves changing the type of support [12], 
modifying the support morphology [13], doping the support with 
hetero-atoms [14], introducing support functionalities [15]. Support 
functionalities have been widely studied, especially in the field of 
thermocatalysis, where it has been shown that they can induce various 
effects on the catalyst properties and consequently its performance [16]. 

Thermocatalytic studies have shown that support functionalities can 
affect the catalyst performance via multiple mechanisms. For example, 
support functionalities have been shown to affect the support polarity 
and thus influence the adsorption/desorption rate and the adsorption 
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mode of the reactant on the active phase of the supported catalyst 
[17–21]. Thereby, it affects the catalyst activity and selectivity, as was 
shown for the dehydrogenation of cinnamaldehyde over Pt on carbon 
nanofibers upon removal of acidic support groups [17,18]. Besides, 
functional groups on carbon supports can change the electron density of 
the supported catalyst [22]. Similar results were obtained for doping 
carbon supports with various elements [23]. This change in electron 
density of the supported catalyst changes in its turn the adsorption/
desorption rate of reactants, consequently altering the catalyst perfor
mance [22,23]. 

On the other hand, support functionalities can play a crucial role in 
catalytic reactions, as was shown for bifunctional catalysis [24,25], 
cooperative catalysis [26,27], and hydrogen spillover [28]. Bifunctional 
catalysis on metal-baring carbon supports can occur when support 
functionalities have their own catalytic role in the chemical reaction 
[24,25,29]. In contrast, in cooperative catalysis, the support function
alities can function as a promotor. The promotor can reduce the acti
vation energy barrier of the rate-limiting step, thereby improving the 
catalyst activity [26,30]. An increase in hydrogen spillover was related 
to a higher content of quinone groups on the Co/CNT catalyst support 
and consequently improved the catalyst for Fischer-Tropsch synthesis 
[28]. 

In contrast to this wealth of thermocatalytic studies, the field of 
electrocatalysis has yielded fewer studies elucidating the role of support 
functionalities on the performance of supported electrocatalysts [16]. 
Some effects induced by support functionalities on the electrocatalyst 
performance have been attributed to a change in charge transfer resis
tance for heteroatom-doped carbon [31], a change in proton conduc
tivity and wettability for sulfonated carbon [32], and an improved 
adsorption of reactants for nitrogen functionalized carbon [33]. More 
studies have attempted to elucidate the effect of support oxygen groups 
on the performance of supported electrocatalysts [34–39]. However, 
these studies were less systematic, as the support oxygen groups have 
been modified by (harsh) acid or gas-phase treatments before impreg
nation [34–39]. This does not only result in the modification of the type 
and content of support oxygen groups but also other properties of the 
support and the supported catalyst properties. These multiple modifi
cations made it impossible to relate the effect of support oxygen groups 
on the catalytic performance of the catalyst. 

Therefore, the purpose of the study is to evaluate the effect of support 
oxygen groups on the performance of supported electrocatalysts, by 
comparing self-synthesized Pt/CNF catalysts with different types and 
contents of support oxygen groups and by studying how these support- 
oxygen groups affect the catalyst activity towards the oxidation of 
glucose. Additionally, in-situ XANES, ex-situ XPS, and CO-stripping are 
performed to determine how these support oxygen groups affect the 
performance of the supported electrocatalyst. 

2. Experimental section 

2.1. Preparation of carbon nanofibers (CNF) 

Ni/SiO2 to be used for the CNF growth (5 wt% Ni) was synthesized 
via homogeneous deposition precipitation based on a protocol described 
by Dillen et al.[40] A slurry of 20 g silica (aerosol 300, Evonik), 5.23 g 
nickel(II) nitrate hexahydrate (Sigma-Aldrich) and 3.23 g urea (Acros) 
in 1 L miliQ (MQ) water was acidified to pH = 3 with 68% HNO3 
(Merck). The slurry was then stirred at 850 rpm for 18 h at 363 K to yield 
a gel. The gel was washed three times with MQ water before drying in 
static air at 383 K for 18 h. The collected material was crushed with a 
mortar and pestle and sieved to obtain 425–800 µm particles. The 
resulting material was subsequently calcined in static air at 873 K for 18 
h, yielding NiO/SiO2. 

The NiO/SiO2 was used to synthesize CNF as described by Toebes 
et al.[17] 3 g of NiO/SiO2 were placed in a quartz boat in a tubular oven 
and reduced to Ni/SiO2 at 1 bar and 973 K in 240 ml.min− 1 N2 and 60 

ml.min− 1 H2 for 2 h (heating ramp 5 K.min− 1). After cooling to 823 K the 
gas flow was switched to 38 ml.min− 1 H2, 100 ml.min− 1 CO and 168 ml. 
min− 1 N2 for 26 h to grow the CNF. The obtained material was washed 
three times with 1 M KOH to remove the SiO2. This synthesis method
ology by chemical vapor deposition yields high purity CNF supports that 
are uniform in their porosity, are mesoporous and have a high surface 
area [41,42]. After washing with water, the material was refluxed in 
68% HNO3 for 1.5 h to remove exposed Ni and introduce 
oxygen-containing groups on the CNF surface, yielding a CNF-ox sup
port. The support material was crushed with a mortar and pestle and 
sieved to obtain a 90–210 µm particle size fraction, which was used for 
impregnation. 

2.2. Impregnation of CNF with Pt 

Incipient wetness impregnation was used to load 5 wt% of Pt on the 
CNF-ox support. Tetraamine platinum(II) nitrate ([Pt(NH3)4](NO3)2) 
(Merck) was dissolved in MQ and added dropwise to the support to 
incipient wetness. In between additions, the sample was vigorously 
mixed. After impregnation, the catalyst was dried at 383 K and succes
sively calcined at 523 K for 2 h to yield the PtOx/CNF-ox catalyst. 

2.3. Removal of surface oxygen-containing groups 

Pt/CNF catalysts with different amounts of surface oxygen- 
containing groups were prepared by heat treatments at different tem
peratures. First, PtOx/CNF-ox (1.0 g) was placed in a quartz boat inside a 
tubular oven. The oven tube was flushed with H2/N2 (100 ml H2.min− 1 

and 209 ml.min− 1 N2) for 30 min and heated to 523 K for 2 h (heating 
ramp 5 K.min− 1) to reduce the catalyst. The resulting catalyst is denoted 
as Pt/CNF-R523. The reduced catalyst was then heat treated in a N2 flow 
of 266 ml.min− 1 for 2 h at 573 K or 773 K or 973 K (heating ramp 5 K. 
min− 1), generating Pt/CNF-R573, Pt/CNF-R773, and Pt/CNF-R973, 
respectively. Finally, the catalysts were ground to a fine powder < 75 
µm with a mortar and pestle. 

2.4. Electrode preparation 

A glassy carbon electrode (GCE) was used as support. The GCE was 
polished successively with 3 and 1 µm diamond polish (Buehler) to a 
mirror finish [43]. Between steps the GCE was sonicated successively in 
MQ and ethanol and finally washed thoroughly with MQ to remove any 
organic and inorganic material. After these treatments, the GCE weight 
was determined accurately on a microbalance. Next, a catalyst ink was 
prepared by suspending 50 mg Pt/CNF in 200 µL Nafion 1100 W (Sig
ma-Aldrich, 5 wt% in lower aliphatic alcohols and water) and 800 µL 
anhydrous THF (Merck). 30 µL of catalyst ink was drop cast on the GCE. 
The electrode was air-dried for 5 min and oven dried for another 10 min 
at 333 K and weighed again (aiming at a 1.5 ± 0.15 mg loading). 

2.5. Electrochemical oxidation of Pt/CNF 

The effect of electrochemical oxidation of the support of Pt/CNF- 
R523, Pt/CNF-R773 and Pt/CNF-R973 was studied by holding the po
tential at 1.4 V vs. RHE for 30 min in 0.1 M H2SO4, generating Pt/CNF- 
R523-EO, Pt/CNF-R773-EO and Pt/CNF-R973-EO (EO = electrochemi
cally oxidized). After this electrochemical glucose oxidation experi
ments were performed below at E ≤ 1.0 V vs. RHE to avoid the 
electrochemical oxidation of the CNF support, since the electrochemical 
oxidation of amorphous and graphitic carbon starts at 0.95 V [44] and 
1.2 V vs. RHE [45], respectively. Moreover, Pt can accelerate the elec
trochemical oxidation of graphitic carbon in its annulus [46,47]. 

2.6. Catalyst characterization 

N2-physisorption was performed at 77 K using a Micromeritics 
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Tristar II Plus to determine the BET surface area, pore volume, and 
average pore size. The samples were vacuum-dried at 373 K for 2 h 
before analysis. 

Temperature-programmed decomposition coupled to a mass spec
trometer (TPD-MS) was performed with a Micromeritics Autochem II 
2920 to qualitatively determine the functional groups (surface oxygen- 
containing groups) of the synthesized catalysts. 100 mg of catalyst 
was heated to 1173 K at 10 K.min− 1 under 20 ml.min− 1 He gas flow. The 
gasses were analyzed with a THERMOStarTM mass spectrometer from 
Pfeiffer. 

The content of oxygen groups was determined by thermogravimetric 
analysis (TGA) using a Mettler Toledo TGA/DSC 1. 50 mg of catalyst was 
placed in a 70 μl alumina crucible and exposed to a 130 ml.min− 1 N2 
flow. As a reference a N2 flow of 20 ml.min− 1 was used. The temperature 
program consisted of a 5 K.min− 1 ramp to 373 K, an isothermal period of 
30 min followed by a ramp of 5 K.min− 1 to 1173 K, and a final 
isothermal period of 5 min. The thermogravimetric curves were pro
cessed to obtain the derivative of the thermogravimetric curve (DTG) 
and used for comparison with TPD-MS data. 

X-ray diffraction (XRD) measurements were recorded with a Bruker 
D8 Advance to characterize the graphitic nature of the CNF support. The 
system was equipped with an Lynxeye-XE-T PSD detector and a Cu-Kα1,2 
tube generating X-rays with λ = 1.542 Å. The scans were recorded from 
2θ = 10◦ to 2θ = 90◦ with a step size of 0.05◦ [48]. 

The Pt loading was quantified thermogravimetrically using the same 
Mettler Toledo TGA/DSC by complete combustion of the carbon support 
in air (80 ml.min− 1) with a reference gas flow of 20 ml.min− 1 and 
temperature program of a ramp of 10 K.min− 1 to 373 K, an isotherm of 
30 min and a ramp of 10 K.min− 1 to 1173 K. At 1173 K and under air Pt 
is retained in its metallic state with few oxygen species (5–10%) on the 
grain boundaries and defective sites [49]. 

X-ray photoelectron spectroscopy (XPS) analysis was performed with 
a Thermo Scientific K-Alpha, equipped with a 180◦ double-focusing 
hemispherical analyzer, a 128-channel detector, and a monochromatic 
small-spot X-ray source. The spectra were collected at a spot size of 400 
µm with an aluminum anode (Al Kα=1486.6 eV) operated at 72 W. The 
data were analyzed with CasaXPS. Two different approaches were used 
for the wide scans and narrow scans. The wide scans were measured at 
200 eV to determine the atomic composition of the Pt/CNF catalysts. For 
the wide scans, the samples were reduced first in a plug flow reactor at 
523 K while keeping it in place with quartz wool (SiO2) for 2 h under a 
209 ml.min− 1 N2 flow and a 100 ml.min− 1 H2 flow to remove chem
isorbed water [50]. The Pt4 f and O1 s arrow scans were measured at 50 
eV to identify the Pt oxidation state present on the support and to 
determine the relative contribution of different types of support oxygen 
groups present on the support. For the narrow scans, the samples were 
characterized without pretreatment to avoid the contamination of the 
O1s peak with SiO2. 

All the samples were characterized by high resolution transmission 
electron microscopy (HRTEM) and scanning transmission electron 
microscopy-high angle annular dark field (STEM-HAADF) using an 
aberration-corrected FEI Titan3 Themis 60–300 microscope. The Pt 
particle size distribution was obtained by counting a minimum of 100 
particles. Both the number average Pt particle size and the surface area 
average Pt particle size were used. 

The specific capacitance of the Pt/CNF, an indicator for the content 
of support oxygen groups, was characterized by cyclic voltammetry (CV) 
[51]. The CVs were recorded between 0.1 and 1.0 V in 0.1 M H2SO4 
(Merck, Suprapur) solutions at a scan rate of 5 mV.s− 1. All electro
chemical measurements were performed at room temperature and under 
oxygen-free conditions in a three-electrode glass cell in which the 
reference was a RHE, separated from the work compartment by a Luggin 
capillary [52]. The specific capacitance was calculated from the CV 
curve according to the following equation [53,54]: 

C =

∫
IEdE

vmΔE 

I (A) and E (V) are the current measured and applied potential during 
the CV, v (V.s− 1) is the scan rate, m is the mass of the Pt/CNF loaded on 
the GCE and ΔE is the potential window of interest [51]. 

CO-stripping from Pt/CNF was performed both to clean the catalyst 
surface from any possible contaminants and to measure the electro
chemical surface area (ECSA) of the prepared electrocatalysts before 
testing their catalytic performance. CO-stripping was performed in 
0.1 M H2SO4 (pH = 1) by holding the potential at 0.1 V vs. RHE for 
30 min while purging the solution with CO to saturate the Pt surface 
with CO, after which the solution was purged another 30 min with Ar to 
remove any dissolved CO. Successively 5 CVs were recorded up to 1.0 V 
to avoid dissolution of Pt [55,56], to avoid restructuring of the Pt par
ticles [55,56], and to prevent the oxidation of the carbon support [45]. 
The contribution of CO oxidation from other electrochemical processes 
was differentiated by subtracting the second anodic scan from the first 
anodic scan [57]. 

In-situ Pt LIII-edge HERFD-XANES spectra were collected at beamline 
15–2 of the Stanford Synchrotron Radiation Lightsource using a liquid 
nitrogen-cooled Si(311) double-crystal monochromator. A configura
tion of two Rh-coated Kirkpatrick–Baez mirrors delivered at the sample 
position an incident X-ray beam with a full width at half maximum 
(FWHM) of ~130 × 860 µm2 (vertical x horizontal) and a photon flux of 
~4 × 1012 photons/sec was used. The beam energy was calibrated by 
assigning a value of 11563.7 eV to the first inflection of a Pt reference 
metallic foil. The fluorescent X-rays were detected with a high energy 
resolution using a seven-crystal Johann-type spectrometer [58]. The 
spectrometer detected the maxima of Pt Lα1 emission line at a Bragg 
angle of ~79.95◦ and an energy resolution of ~0.8 eV by using seven Ge 
(660) crystals of 100 mm diameter, spherically bent with a 1-meter 
radius of curvature. The advantage of this method has been described 
before.48. 

The aforementioned protocol was used to acquire operando spectra in 
a homemade, 25-ml volume polystyrene electrochemical cell to which a 
0.5-mm thick glassy carbon electrode (HTW-Germany, Sigradur G) 
working electrode was affixed using a 5-mm diameter hole in the side of 
the cell. The working electrode contained a small amount of catalyst ink, 
which was prepared by mixing 30 mg catalyst powder with 200 µL 
Nafion 1100 W (Sigma-Aldrich, 5 wt% in lower aliphatic alcohols and 
water), 480 µL ethanol (Merck, Uvasol) and 320 µL isopropanol (Sigma- 
Aldrich, for HPLC). Before each experiment, this catalyst ink was 
ultrasonicated for 1 min, after which 4 µL was drop cast on the working 
electrode and air-dried. In addition to this working electrode, the elec
trochemical cell contained a HydroFlex reversible hydrogen reference 
electrode (Gaskatel), and a glassy carbon counter electrode (Alfa Aesar, 
type 1, 5 mm diameter, 100 mm length). Once assembled, the cell was 
filled with 0.1 M H2SO4 (Merck, Suprapur), and the catalyst was cleaned 
and characterized in a fume hood with carbon monoxide as described in 
the “Catalyst Characterization” section. Following these steps, the cell 
was moved to the beamline to collect in-situ X-ray absorption spectra at 
various electrode potentials. The small (sub-0.2 eV) gradual energy 
drifts of the monochromator occurred along the multiple days of the 
experimental study and were accurately corrected by aligning a fixed 
glitch feature of the monochromator crystals throughout all collected 
spectra. The collected spectra were successively averaged, flattened, and 
normalized in ATHENA [59]. Because the spectra were normalized by 
setting the edge jump to 1, all absorption intensities will be reported in 
units of ‘edge fraction’ [60]. 

Using HERFD-XANES, the potential-dependent adsorbate coverage 
on the Pt electrocatalyst surface was calculated using the spectral fea
tures caused by each adsorbate. To do so, four spectral components were 
defined. The first of these is the spectrum of each catalyst at 0.4 V vs. 
RHE in absence of glucose: this spectrum corresponds as closely as 
possible to a Pt surface without adsorbates and is therefore referred to as 
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the ‘base spectrum’ [61]. The remaining three components are the dif
ference spectra that are obtained by subtracting the base spectrum from 
another spectrum. Specifically, the *OH adsorbate was defined by sub
tracting the base Pt spectrum from the spectrum obtained at 0.78 V vs. 
RHE (without glucose present). At this potential, Pt is covered by *OH 
[61], such that the resulting difference spectra can be taken as the 
fingerprint for adsorbed *OH. The *glucose adsorbate was defined by 
subtracting the base Pt spectrum from the spectrum at 0.1 V vs. RHE in 
the presence of 0.1 M glucose. Under these conditions, the Pt surface is 
likely to be fully covered by *glucose and its decomposition products 
[62–64]. Therefore, the resulting difference spectrum is a proxy for the 
coverage of glucose-derived species. Finally, the PtOx species was 
defined as the difference spectra taken from Pt at 1.0 V vs. RHE (with 
glucose present), whence the Pt surface is free of adsorbates [64]. The Pt 
adsorbate coverages were extracted by fitting a combination of the base 
spectrum, the *OH difference spectrum, the *glucose difference spec
trum, and the PtOx difference spectrum to the experimental XANES 
spectra. This approach, also known as linear combination analysis 
(LCA), yields an estimate of the relative coverages of each adsorbate. 

2.7. Performance testing 

The performance of the catalyst, after CO-stripping (described in the 
“Catalyst Characterization” section), was studied by linear sweep vol
tammetry (LSV) and by chronoamperometry (CA) in 0.1 M H2SO4. LSV 
was conducted from 0.1 to 1.0 V vs RHE with a scan rate of 1 mV.s− 1. 
First a blank (i.e., all components except glucose were present in the 
reactor) LSV was measured, after which 0.1 M glucose (99.5%, Merck) 
was added. The system was purged for 30 min with Ar to ensure a ho
mogeneous solution before repeating the LSV with glucose. The currents 
measured for glucose oxidation reported in this study for LSV are an 
average of two experiments and have been corrected by the blank for 
surface charging [65]. A similar procedure was used for CA as was used 
for LSV, namely a blank measurement, followed by 0.1 M glucose 
addition, purging the system for 30 min, and another measurement in 
the presence of glucose. 

3. Results & discussion 

The results and discussion section has been subdivided into three 
individual sections that discuss the characterization of the support ox
ygen groups on the different Pt/CNF catalysts (1) and the character
ization of the platinum supported on the carbon nanofiber catalysts (2). 
These sections were used as a basis to evaluate the performance of the 
different Pt/CNF catalysts for the electrocatalytic oxidation of glucose 
(3). 

3.1. Characterization of support oxygen groups on different Pt/CNF 
catalysts 

Table 1 shows a summary of the content of support oxygen groups 
determined by TGA (weight %, see Fig. S1 for details) and XPS (O/C 
ratios, see Table S1 and Fig. S2 for details) and the number of oxygen 
groups normalized per surface area (atoms.nm− 2, using the BET surface 
area of 187 m2.g− 1 for bare CNF-ox, see Table S2 and Fig. S3 for details) 
as has been done before [66]. The BET surface area of Pt/CNF-ox and 
Pt/CNF-R973 are similar (Table S2), indicative that the heat treatment 
does not affect the surface structure of the synthesized catalysts [67]. 

TGA shows that the number of support oxygen groups decreased 
from 6.6 oxygen atoms.nm− 2 for PtOx/CNF-ox to 5.0 oxygen atoms. 
nm− 2 for Pt/CNF-R523. Successive heat treatment steps resulted in a 
gradual decrease in support oxygen groups to 1.5 oxygen atoms.nm− 2 

for the sample heat-treated at 973 K which is in line with earlier studies 
[54,66]. 

XPS shows a decrease in support oxygen groups from 6.8 oxygen 
atoms.nm− 2 for Pt/CNF-R523 to 4.1 oxygen atoms.nm− 2 for Pt/CNF- 

973 K. XPS and TGA show a difference in absolute values for the support 
oxygen groups content, which can be explained by the difference in 
analytical technique (e.g., probing depth). As a result, XPS is less affected 
by the decomposable surface oxygen groups [68,69]. Nonetheless, XPS 
shows a similar trend to that observed by TGA, namely a decrease in 
support oxygen group content for catalysts exposed to higher thermal 
treatments. 

The nature of the support oxygen groups on the Pt/CNF catalysts was 
characterized by TPD-MS (Fig. S4), DTG (Fig. S5), and O1 s XPS spectra 
(Fig. S6 and Table S3). The parent catalyst, PtOx/CNF-ox, was found to 
bear carboxylic acids, anhydrides, lactones, phenols and carbonyls/ 
quinones [28,50,54]. After a reduction step at 523 K, the carboxylic 
acids, anhydrides, carbonyl groups adjacent to ketones and aldehydes 
are removed [28,50,54], indicative that Pt/CNF-R523 only bares 
lactone, phenol and carbonyl/quinone surface groups. With an increase 
in the heat treatment step, the content of lactone, phenol and carbon
yl/quinone surface groups is gradually reduced [28,50,54]. 

The graphitic nature of the bare CNF-ox support and of Pt/CNF-R573 
and Pt/CNF-R973 (e.g., subjected to mild and high heat treatment 
temperatures) was characterized by XRD (Fig. S7). No significant dif
ference was found between the graphitic nature of Pt/CNF-R573 and Pt/ 
CNF-R973, indicative that it was not affected by the heat treatment [48]. 
The electrochemical properties of the support oxygen groups were 
studied by CV in 0.1 M H2SO4. Fig. 1A shows the weight normalized 
steady-state CV (the fourth CV after CO-stripping) for the different cat
alysts. For PtOx/CNF-ox, in the forward scan, three oxidative peak 
currents can be observed, while in the backward scan, only two cathodic 
peak currents can be observed. In the forward scan, peak 1 from 0.1 to 
0.3 V vs. RHE is attributed to the desorption of hydrogen from Pt [55], 
while peak 2 from 0.4 to 0.8 V vs. RHE represents the oxidation of 
phenol/hydroquinone surface groups to lactone and carbonyl/quinone 
groups [54,70], and peak 3 from 0.8 to 1.0 V vs. RHE is related to the 
oxidation of metallic Pt to PtOx [55]. In the backward scan, peak 4 from 
0.8 to 0.4 V vs. RHE represents both the reduction of PtOx to metallic Pt 
[55] and the reduction of lactone and carbonyl/quinone support oxygen 
groups to phenol/hydroquinone groups [70], while peak 5 below 0.4 V 
vs. RHE is related to hydrogen adsorption on Pt [55]. The redox reaction 
of carboxylic acid groups could not be observed from the CV of 
PtOx/CNF-ox since the redox potential of these groups is between 1.1 
and 1.6 V vs. RHE [70]. Thus, from the CVs it can be concluded that all 
catalysts bare electroactive Pt nanoparticles and redox-active phenol 
and hydroquinone support oxygen groups, confirming the results ob
tained by TGA, XPS, and TPD-MS. 

The CV in Fig. 1A shows that peak 2 and peak 4 are similar in in
tensity for PtOx/CNF-ox and Pt/CNF-R523, thereby indicating that the 
reduction step at 523 K does not change the content of lactone, phenol 

Table 1 
The total number of oxygen groups on the support (O-atoms.nm− 2) of the syn
thesized Pt/CNF catalysts as a function of reduction treatment (Pt/CNF-R523) 
and heat treatment (Pt/CNF-R523 to Pt/CNF-R973) determined by TGA and XPS 
and the weight fraction of oxygen groups (wt%) decomposed above 673 K 
determined by TGA.   

TGA XPS 

Catalyst Weight loss (%) O-atoms. 
nm− 2 

O/C atomic 
ratio 

O-atoms. 
nm− 2  

Total > 673 K Total Total Total 

PtOx/CNF- 
ox  

5.8 4.1 
± 0.1 

6.6 ± 0.1 - - 

Pt/CNF- 
R523  

4.4 3.5 
± 0.1 

5.0 ± 0.3 0.054 6.8 ± 0.6 

Pt/CNF- 
R573  

4.2 3.3 
± 0.0 

4.9 ± 0.0 0.037 4.9 ± 0.7 

Pt/CNF- 
R773  

3.3 2.6 
± 0.1 

3.8 ± 0.4 0.030 3.8 ± 0.6 

Pt/CNF- 
R973  

1.3 0.9 
± 0.1 

1.5 ± 0.3 0.032 4.1 ± 0.0  
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and carbonyl/quinone groups on the catalyst support. The successive 
heat treatment step, going from Pt/CNF-R523 to Pt/CNF-R973, results 
in a gradual decrease of peaks 2 and peak 4. This shows the gradual 
removal of lactone, phenol and carbonyl/quinone groups from the 
support as a result of increasing treatment temperature. The charge 
related to the oxidation of these support oxygen groups [55,70] is also 
known as the pseudocapacitance and can increase the specific capaci
tance (e.g., pseudocapacitance plus double layer charging) of the Pt/CNF 
catalysts [51,71]. 

It has been shown before that the specific capacitance is related to 
the content of phenol and carbonyl/quinone groups present on the 
support [51,71]. To study this relation the specific capacitance was 
derived from the currents measured at peak 2 (0.4–0.8 V vs. RHE) from 
the anodic scan14 [54], was plotted as a function of the content of 
lactone, phenol and carbonyl/quinone support groups (thermogravi
metrically measured oxygen groups decomposed above 673 K, given in 
Table 1) in Fig. 1B [71]. This graph shows a linear correlation between 
the specific capacitance and the number of oxygen groups that decom
pose above 673 K (lactone, phenol and carbonyl/quinone groups), 
confirming the presence of these support oxygen groups under electro
chemical conditions. 

3.2. Characterization of platinum supported on carbon nanofiber 
catalysts 

In addition to the change in CV features related to the content of 
oxygen groups on the carbon support, also a change in CV features 
related to Pt on the carbon support can be observed (Fig. 1A, peaks 1, 3 
and 5). After the first reduction step, going from PtOx/CNF-ox to Pt/ 
CNF-R523, an increase in these peaks can be observed. This indicates 
that for Pt/CNF-R523 there is a larger exposed Pt surface area available 
for hydrogen adsorption/desorption or that the PtOx/CNF-ox bears a 
certain amount of electrochemically inactive Pt which is still partially 
oxidized (Fig. S8) and therefore exposes fewer metallic Pt sites for 
hydrogen adsorption/desorption, even after several oxidative and 
reductive cycles. A similar low uptake for a low-temperature reduced Pt/ 
CNF was found by Toebes et al. and low-temperature heat-treated Pt/ 
CNT was found by Jiang et al.[66,72] The difference in Pt oxidation 
state between PtOx/CNF-ox and Pt/CNF-R523 makes it impossible to 
relate changes in support oxygens between these two catalysts to a 
change in catalyst performance. Therefore, PtOx/CNF-ox has been 
omitted from further discussions. 

In Fig. 1A it can also be observed that an increase in heat treatment 
temperature, going from Pt/CNF-R523 to Pt/CNF-R973, results in a 
decrease of peaks 1, 3 and 5. The decrease in these peaks suggests that 

the exposed Pt surface area gradually decreases with increasing heat 
treatment temperature [72,73]. This can be explained by sintering of Pt 
particles at elevated temperatures, thereby increasing the average Pt 
particle size [73], as will be discussed now (Table 2). 

Table 2 shows the metal loading determined by TGA, the ECSA of the 
synthesized catalysts determined by CO-stripping, and the average Pt 
particle size derived from the ECSA and HAADF-STEM [56]. 

The metal loading of the catalysts was determined by TGA using 
combustion up to 1173 K. For all the catalysts the metal loading was 
found to be between 5.2 and 5.6 wt%, thus showing that the metal 
loading is consistent. 

The ECSA of the catalysts were calculated from CO-stripping curves, 
as will be discussed later (vide infra, Fig. 4), assuming a charge of 420 
mC.cm− 2 for the oxidation of a monolayer of linearly adsorbed CO [74]. 
With an increase in heat treatment, going from Pt/CNF-R523 to 
Pt/CNF-R973, the ECSA decreases gradually from 215 to 138 cm2 Pt.g− 1 

Pt/CNF, corresponding to an increase in average Pt particle size from 1.5 
to 2.3 nm [73]. These results coincide with the observations made for 
the decrease in hydrogen adsorption/desorption and platinum oxidation 
peaks (Fig. 1A). 

The surface area average Pt particle size derived from HAADF-STEM 
images shows an increase in surface area average Pt particle size for Pt/ 
CNF-R523 from 1.7 nm to 2.3 nm for the sample heat-treated at 973 K. 
The surface area average Pt particle size determined by HAADF-STEM 
matches well with the ECSA derived by CO-stripping. This shows that 
the Pt/CNF catalysts were well wetted, otherwise the values from Pt 
particle size derived from ECSA should have been significantly larger 
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Fig. 1. A) Cyclic voltammograms of Pt/CNF catalysts in 0.1 M H2SO4 at a scan rate of 5 mV.s− 1 and B) the relation between the pseudocapacitance of the Pt/CNF 
catalysts derived from CV as a function of the content of CO-oxygen groups (phenols and carbonyls/quinones) determine by TGA (R2 

= 0.99). 

Table 2 
The Pt load, the surface area average Pt particle size based on HAADF-STEM 
imaging, the average Pt particle size derived from the ECSA, and the ECSA of 
the synthesized Pt/CNF catalysts.   

TGA CO-stripping HAADF-STEM 

Catalyst Pt loading 
(wt%) 

Pt surface area 
(cm2 Pt.g− 1 Pt/ 
CNF) 

Pt particle 
size (nm)a 

Surface based Pt 
particle size (nm) 

Pt/CNF- 
R523  

5.5 215 ± 4  1.5 1.7 

Pt/CNF- 
R573  

5.6 219 ± 2  1.5 - 

Pt/CNF- 
R773  

5.2 187 ± 2  1.7 2.2 

Pt/CNF- 
R973  

5.4 138 ± 6  2.3 2.3  

a The average Pt particle size was calculated from the ECSA based on the 
relation d = 6 × 103 / (ECSA x ρ), where ρ is the density of Pt (21.45 g/cm3). 
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than from HAADF-STEM. 
HAADF-STEM images were analyzed to evaluate the surface area 

average and number average Pt particle sizes including Pt particles 
< 1.5 nm. The HAADF-STEM images (Fig. 2A and Fig. S9A-B) reveal that 
the Pt particles are homogeneously distributed over the carbon nano
fiber support. The number average Pt particle size distribution in Fig. 2B 
shows a log-normal distribution for the Pt particle with a size range 
between 0.5 and 3 nm and a few particles > 3.5 nm. With increasing 
heat treatment temperature, a shift in the log-normal distribution to
wards larger Pt particles can be observed, caused by sintering of Pt [75]. 

Besides the ECSA, CO-stripping was performed to determine the 
surface properties of the different Pt/CNF electrocatalysts. The back
ground corrected CO-stripping curves are given in Fig. 3 [57]. 

The CO-stripping curves in Fig. 3 show for all the catalysts one main 
peak around 0.8 V, while for Pt/CNF-R973 there is also a preceding 
plateau between 0.4 V and 0.7. This plateau is related to CO oxidation at 
surface defects (kinks and step sites) [76,77], indicative that the high 
temperatures to which Pt/CNF-R973 has been exposed resulted in some 
surface defects on the Pt surface. The main peak is by far the main 
contributor to CO oxidation and appears to compose of a single peak, 
which indicates that the Pt nanoparticles of all the catalysts have a 
similar surface structure [76–78]. 

Fig. 4 displays the in situ HERFD-XANES spectra of Pt/CNF-R523, Pt/ 
CNF-R773, and Pt/CNF-R973 recorded at 0.4 V vs. RHE in 0.1 M H2SO4. 
All XANES spectra show similar features and Pt/CNF-R523 will be dis
cussed in detail as a representative example. The spectrum of Pt/CNF- 
R523 shows the main adsorption peak (the whiteline) at 11564.5 eV, 
which is typical for Pt [79]. The absorption intensity increases from 2.23 
to 2.48 when stepping the electrode (Fig. S10A) from 0.1 to 0.78 V vs. 
RHE. This corresponds to an increase in unoccupied D-character states of 
the Pt catalyst and can be related to the adsorbed species on Pt at various 
potentials [79–81]. At 0.1 V vs. RHE, Pt is covered with *H, which 
causes antibonding states, yielding a broadened and lowered whiteline 
[79]. As the potential is increased to 0.4 V vs. RHE, this *H is replaced by 
*OH adsorbed at the top of Pt step edges and corners [79,80]. With a 
further increase in potential to 0.64 V and 0.78 V vs. RHE, the surface 
coverage of *OH increases through adsorption at the bottom of step 
edges and concave sites, thereby increasing absorption [79,81]. Thus, 
the replacement of *H with *OH and the successive gradual increase in 
*OH coverage increases the number of unoccupied D-states of the Pt 
catalyst. 

For the different Pt/CNF catalysts, the whiteline gives a similar trend 
(Fig. 4A), as a function of the applied potential (Fig. S10A-C), and 
therefore shows a similar oxidation state. The similarity in the Pt 
oxidation state on the CNF support functionalized with various amounts 
of support oxygen groups and different Pt particle sizes are in accor
dance with XPS Pt4 f scan (Fig. S11 and Table S4). This similarity in the 

Pt oxidation state for the different Pt/CNF catalysts indicates that the 
electronic property of Pt is not significantly affected by the Pt particle 
size or by the presence of lactone, phenol and carbonyl/quinone support 
oxygen groups, which is in line with thermocatalytic research [66,69]. 

Moreover, Pt/CNF-R523 has a significant amount of reduced support 
oxygen groups (hydroxyls) at 0.4 V vs. RHE and oxidized support oxygen 
groups (carbonyls) at 0.78 V vs. RHE present on the support (discussed 

Fig. 2. A) HAADF-STEM images of Pt/CNF-R523 and B) the relative frequency of the number average Pt particle size measured on the CNF supports for 
various catalysts. 

Fig. 3. Background corrected CO-stripping curves corrected for of Pt/CNF 
catalysts obtained in 0.1 M H2SO4 recorded at 5 mV.s− 1. 

Fig. 4. Pt LIII-edge HERFD-XANES spectra of Pt/CNF catalysts measured in 
0.1 M H2SO4 at 0.4 V vs. RHE hold potential. 
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in Fig. 2A), while Pt/CNF-R973 bears hardly any support oxygen groups. 
Therefore, the agreement between the Pt spectral shapes of those two 
catalysts recorded at 0.4 V vs. RHE and 0.78 V vs. RHE, as well as the 
close resemblance of their corresponding Δμ spectra (S10G and S10I) 
indicates that the electronic structure of the electrochemically accessible 
Pt species is not affected by the oxidized nor the reduced state of the 
lactone, phenol and carbonyl/quinone oxygen groups present on the 
support. 

3.3. Electrocatalytic oxidation of glucose 

The four different Pt/CNF catalysts were tested for their activity 
toward the electrocatalytic oxidation of glucose. Linear sweep voltam
metries of a bare CNF support in the absence and presence of glucose can 
be found in Fig. S12, which shows that bare CNF is inactive for cata
lyzing glucose oxidation reactions. The catalyst activity for the elec
trocatalytic oxidation of glucose was studied by background-corrected 
linear sweep voltammetry in 0.1 M H2SO4 (Fig. 5A). The background- 
corrected linear sweep voltammetries were derived from the linear 
sweep voltammetries in the presence and absence of glucose (Fig. S13). 

The linear sweeps of the different Pt/CNF catalysts show three 
oxidation peaks at 0.45 V (peak 1), 0.62 V (peak 2) 0.78 V (peak 3). 
Peak 1 is related to dehydrogenative adsorption of glucose at the 
anomeric carbon (RCHOH → RĊOHadsPt + H+ + e-) as was shown for 
alkaline and acidic media [82–84]. Peaks 2 and 3 have been attributed 
to the electrocatalytic oxidation of glucose oxidation products [85], 
which can either be the oxidation of the adsorbed glucose to an adsorbed 
gluconolactone (RĊOHadsPt → RĊ=OadsPt) [86] or the oxidation of 
gluconolactone itself [84]. Alternatively, these two peaks also suggest 
that there are glucose oxidation products weakly (peak 2) and strongly 
(peak 3) adsorbed to the Pt surface, which is indicative of the presence of 
different Pt facets [85,87,88]. 

From the linear sweep voltammetries and up to 0.5 V it can be 
observed that the current densities are similar for all catalysts. This in
dicates that the catalyst activity is similar for all the catalysts up to this 
point and that the catalyst activity towards glucose dehydrogenation is 
not affected by the difference in catalyst properties. Above 0.5 V and up 
to 0.9 V, going from Pt/CNF-R523 to Pt/CNF-R973, a gradual decrease 
in current density is observed. This points to a decrease in catalytic 
activity for catalysts that have been exposed to higher heat treatment 
temperatures. 

To evaluate whether the change in catalytic activity does not origi
nate from diffusion limitation a similar experiment was performed, but 

then under convection with increased glucose concentration (Fig. S14). 
Under these reaction conditions, the current density went up by the 
same order of magnitude (2.7 and 3.5-fold for Pt/CNF-R523 and Pt/ 
CNF-R973 respectively), which indicates that both systems suffer from 
similar extents of diffusion limitations which thus still allows us to 
compare catalytic activities. 

To evaluate where the difference in catalytic activity originates from, 
the peak current densities measured by LSV at 0.78 V (Ip, Fig. 5B) have 
been plotted against the specific capacitance and the average Pt particle 
diameter (derived from the ECSA) of the Pt/CNF catalysts. Both the Pt 
particle size and the specific capacitance show a linear correlation with 
the peak current density. This indicates that both changes in catalyst 
properties might affect the catalyst activity. However, a change in ECSA- 
normalized catalytic activity induced by a difference in particle size 
would require a difference in electronic properties of the Pt particles or a 
difference in Pt surface structure for the different Pt/CNF catalysts. Yet, 
a difference in electronic properties was not found by in-situ HERFD- 
XANES (Fig. 4) and Pt4 f XPS (Fig. S11 and Table S4), nor was a differ
ence in Pt surface structure found by CO-stripping (Fig. 3). Therefore, a 
change in catalytic activity should be related to a change in specific 
capacitance which in turn influences reactant/product adsorption. Since 
the specific capacitance is strongly related to the lactone, phenol, and 
carbonyl/quinone groups present on the support (Fig. 1B) [51,71], we 
argue that the presence of these support oxygen groups influences the 
catalytic performance. The fact that this increase in activity can only be 
seen at E ≥ 0.5 V vs. RHE might originate from the nature of the support 
oxygen groups, namely, at E ≥ 0.5 V vs. RHE (determined by CV, 
Fig. 1A) the support oxygen groups are oxidized to C––O groups [70]. 
These C––O groups could promote the formation of hydrogen bridges 
with the C-H and C-OH groups of glucose and thereby improve the 
adsorption of glucose in the annulus of the Pt nanoparticles, conse
quently increasing the catalyst activity. Therefore, we argue that the 
enhanced adsorption of glucose mediated by oxidized support oxygen 
groups increases the number of glucose molecules in vicinity of the Pt 
catalysts and thereby improves the catalyst activity. 

Chronoamperometry was performed at 0.78 V vs. RHE to evaluate 
whether the difference in catalytic activity observed by LSV is not a 
temporary effect but also remains during longer reaction times (Fig. 6A) 
and to gain initial insights on the catalyst selectivity. Regarding the 
catalyst selectivity, preliminary results indicate that all catalysts pre
dominantly form gluconic acid (>80%) [89]. After 30 min and going 
from Pt/CNF-R523 to Pt/CNF-R973, a gradual decrease in current 
density can be observed. This decrease in current density shows that 

Fig. 5. A) Background corrected linear sweep voltammetry measured in 0.1 M H2SO4 in the presence of 0.1 M glucose at 1 mV.s− 1 and B) the corresponding peak 
current density measured by LSV at 0.78 V vs. RHE as a function of the specific capacitance (R2 = 0.99) and Pt particle size (R2 = 0.90) of the Pt/CNF electrocatalysts. 
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catalysts exposed to higher heat treatment temperatures have lower 
catalytic activity, confirming the results made by LSV. Moreover, this 
difference in current densities after 30 min of CA shows that the vari
ance in catalytic activity is not a temporary effect. 

The current densities measured after 30 min CA have been plotted 
against the specific capacitance and the Pt particle size for the Pt/CNF 
catalysts in Fig. 6B to re-evaluate the origin of the difference in catalytic 
activity. Once again, the specific capacitance (e.g., the content of 
lactone, phenol and carbonyl/quinone support oxygen groups) has a 
linear correlation with the catalyst activity, thereby confirming the re
sults obtained by LSV. 

The most accepted reaction mechanism requires both the adsorption 
of glucose and hydroxyls on the Pt surface before glucose can be cata
lytically oxidized by Pt. The ratio between different adsorbates can in
fluence the catalyst activity. This adsorbate coverage can be estimated 
from the XANES spectra and the associated difference XANES spectra 
[64,90] by using LCA, which is based on Fig. S10A-L. The estimate of the 
relative coverages of each adsorbate for three different Pt/CNF catalysts 
is shown in Fig. 7A-C. 

Fig. 7A compares the calculated intensity for each adsorbate 
component in the fitting results of a Pt/CNF-R523 catalyst as a function 
of potential. At 0.1 V vs. RHE and in the presence of 0.1 M glucose, the 
surface of Pt is free of adsorbed *OH and completely covered with 
adsorbed *glucose. This is a direct result of the methodology for 

estimating the coverage of species since the spectrum at 0.1 V vs. RHE in 
the presence of glucose corresponds to the base spectrum of Pt and the 
*glucose difference spectrum. As the potential is increased to 0.78 V vs. 
RHE, the content of adsorbed *glucose gradually decreases, while the 
content of *OH increases. This indicates that *OH adsorbates replace the 
adsorbed *glucose at higher potentials, which agrees with the results 
reported for the adsorbate coverage in ethanol oxidation of Pt electrodes 
[64,90]. A successive increase in potential to 1.0 V results in a loss of 
adsorbates due to the formation of a PtOx species. Also, this is a direct 
result of the methodology for estimating the coverage of species, since 
the spectrum at 1.0 V vs. RHE in the presence of glucose corresponds to 
the base spectrum of Pt and PtOx difference spectrum [64]. Here it is 
argued that the PtOx species causes the desorption of adsorbates, 
resulting in a loss in catalytic activity of Pt in acidic media at pH 1, 
which coincides with a decrease in catalytic activity as was shown in 
Fig. 5A [91]. 

A similar trend of adsorbates as a function of potential for Pt/CNF- 
R523 can be observed for Pt/CNF-R773 and Pt/CNF-R973 (Fig. 7A-C), 
which indicates that the potential-dependent adsorbate coverage is 
similar between these Pt/CNF catalysts. Hence, the ratio between ad
sorbates present on the Pt surface for the Pt/CNF electrocatalysts is not 
affected by the content of lactone, phenol and carbonyl/quinone support 
oxygen groups. In other words, the steady state of the Pt surface is the 
same for all measured catalysts. Nonetheless, an increase in catalytic 

Fig. 6. A) Background-corrected current densities measured in 0.1 M H2SO4 in the presence of 0.1 M glucose at 0.78 V vs. RHE and B) the corresponding current 
density measured after 30 min chronoamperometry as a function of the specific capacitance (R2 = 0.91) and Pt particle size (R2 = 0.76) of the Pt/CNF 
electrocatalysts. 

Fig. 7. Results of LCA of HERFD-XANES spectra at Pt LIII-edge obtained at various hold potentials in 0.1 M H2SO4 and 0.1 M glucose for Pt/CNF-R523 (A), Pt/CNF- 
773 (B) and Pt/CNF-R973 (C). 
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activity was observed for Pt/CNF catalysts with higher contents of 
lactone, phenol and carbonyl/quinone support oxygen groups (Figs. 5B 
and 6B). This indicates that the improved catalytic activity induced by 
support oxygen groups is likely to originate from improved glucose 
turnover. We suggest that this improvement stems from accelerated 
reactant adsorption in the annulus of the Pt particles, caused by the 
formation of hydrogen bridges between C––O support groups (E ≥ 0.5 V 
vs. RHE) and C-H and C-OH groups of glucose. As a result, the content of 
reactive species increases in the annulus of the Pt particles. This hy
pothesis will be quantified in the following section, where electro
chemically oxidized Pt/CNF-R523 and Pt/CNF-R973 will be used as a 
base case scenario. 

Pt/CNF-R523, Pt/CNF-R773 and Pt/CNF-R973 were electrochemi
cally oxidized to Pt/CNF-R523-EO, Pt/CNF-R773-EO and Pt/CNF-R973- 
EO to re-introduce support oxygen on the carbon support. On the one 
hand, CO-stripping (Fig. S15) showed that the electrochemical oxi
dization of the catalysts did not induce significant changes in the ECSA 
and resulted in catalysts with similar Pt surface structures. On the other 
hand, CV (Fig. S16) showed that the specific capacitance increased 
sufficiently to oxidize the carbon support in the annulus of the Pt 
particles. 

The activity towards the electrooxidation of glucose was evaluated 
by LSV for Pt/CNF-R523, Pt/CNF-R773 and Pt/CNF-R973 before and 
after electrochemical oxidation (Fig. 8). After electrochemical oxida
tion, all three catalysts show a significant increase in current density 
above 0.5 V vs. RHE compared to their non-oxidized counterparts. At 
0.78 V vs. RHE going from Pt/CNF-R523 to Pt/CNF-R523-EO, the cur
rent density increases from 1.8 to 3.0 µA.cm− 2, while the current density 
from Pt/CNF-R773 to Pt/CNF-R773-EO increases from 1.4 to 2.7 µA. 
cm− 2, and the current density from Pt/CNF-R973 to Pt/CNF-R973-EO 
increases from 1.0 µA.cm− 2 to 2.4 µA.cm− 2. For Pt/CNF-R523, Pt/ 
CNF-R773 and Pt/CNF-R973, this increase in current density corre
sponds to an increase in catalytic activity of 72%, 93% and 144% 
respectively. This increase in catalytic activity after electrochemical 
oxidation of the Pt/CNF catalyst indicates that the introduction of sup
port oxygen groups improves the catalyst activity. The increasing trend 
in catalytic activity (e.g., 72–93–144%) induced by electrochemical 
oxidation can be attributed to the decreasing content in support oxygen 
groups before electrochemical oxidation, going from Pt/CNF-R973 to 
Pt/CNF-R523. 

Table 3 gives an overview of the reaction conditions and the 
measured current densities for the electrocatalytic oxidation of glucose 
on Pt electrodes in acidic medium reported in this study and literature 
[89,92,93]. Considering the difference in scan rates, the current density 
reported in this study of Pt/CNF-R523-EO corresponds well with the 
current densities (e.g., catalytic activity) reported in the literature. 

Generally, the measured current is normalized by the active surface 
area of the supported metallic catalyst (ECSA), to compare the catalytic 
activity of two different catalysts. However, the presence of oxygen 
groups on the carbon support can facilitate the adsorption of reactants in 
the annulus of the Pt particles [19,69], which increases available species 
in proximity of the metal catalyst that are susceptible to conversion 
(Fig. 9A) and can thereby improve the catalyst activity. In line with this 
reasoning, the measured currents were normalized by both the active 
surface area of the metallic catalyst and the annulus around the 
perimeter of the catalyst nanoparticles (ASA = ECSA + annulus area). 
The surface area of the annulus can be calculated with the inner radius of 
the annulus (r) and the outer radius of the annulus (R), where r = Pt 
nanoparticle radius and R = Pt nanoparticle radius + length of gluco
pyranose (0.84 nm) (calculations in supporting information “Current 
normalization by adsorbable surface area”). Based on these consider
ations, the ASA changes with the radius of the Pt nanoparticles, where 
smaller Pt nanoparticles (Pt/CNF-R523-EO) are more influenced by the 
annulus surface area than larger Pt particles (Pt/CNF-R973-EO), illus
trated in Fig. 9A. 

Fig. 10 shows the background-corrected LSV at E = 0.5–1.0 V vs. 
RHE for the electrocatalytic oxidation of glucose over Pt/CNF-R523-EO, 
Pt/CNF-R773-EO and Pt/CNF-R973-EO and the related currents den
sities normalized by the ECSA (IECSA) and ASA (IASA), to evaluate how 
this affects the current densities. The IECSA is higher than the IASA for all 
catalysts since the ECSA is smaller than the ASA (Fig. 9). Going from Pt/ 
CNF-R523-EO to Pt/CNF-R973-EO, the IECSA decreases, while the IASA is 
nearly identical for all catalysts. Moreover, the relative difference be
tween IECSA and IASA decreases from Pt/CNF-R523-EO to Pt/CNF-R973- 
EO. The increasing difference between the IECSA and IASA when going 
from Pt/CNF-R523-EO to Pt/CNF-R973-EO can be explained by the 
larger contribution of the annulus for catalysts that bare smaller Pt 
particles. In this case, the Pt particles are 1.6, 1.8 and 2.2 nm for Pt/CNF- 
R523-EO, Pt/CNF-R773-EO and Pt/CNF-R973-EO respectively. More 
remarkable is that the current density based on ASA is nearly the same 
for all catalysts, indicative that the catalyst activity can best be described 
by the adsorbable surface area on the metal surface and in the annulus of 
the metal particles. 

4. Conclusion 

We observed that the heat treatment of Pt/CNF functionalized with 
support oxygen groups (e.g., lactone, phenol and carbonyl/quinone 
groups) resulted in a gradual increase in Pt particle size and a gradual 
decrease in the content of support oxygen groups. As a result, catalysts 
were obtained with different Pt particle sizes and different contents of 
support oxygen groups. The difference in Pt particle size and content of 
support oxygen groups did not affect the Pt surface structure, the Pt 
electronic properties, and the ratio between adsorbates on the Pt surface 
during the electrocatalytic oxidation of glucose. Despite this, the cata
lytic activity evaluation showed a direct correlation between the activity 
and the support oxygen group content. More specifically, the introduc
tion of support oxidation groups in the annulus of the Pt particles by 
electrochemical oxidation resulted in an approximately 2.5-fold in
crease in catalytic activity. This increase in catalytic activity was found 
to be higher for electrochemically oxidized Pt/CNF functionalized with 
smaller Pt particles. In this case, we argue that the annulus for smaller Pt 
particles plays a more significant role in the adsorption of reactants in 
the vicinity of the Pt catalyst. Therefore, we conclude that support ox
ygen groups improve the adsorption of reactants in vicinity of the Pt 
catalyst and thereby improve the catalyst activity. 
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M. Koper, Absence of CO2 electroreduction on copper, gold and silver electrodes 
without metal cations in solution, Nat. Catal. 4 (2021) 654–662, https://doi.org/ 
10.1038/s41929-021-00655-5. 

[53] L. Zhang, H. Gong, Improvement in flexibility and volumetric performance for 
supercapacitor application and the effect of Ni-Fe ratio on electrode behaviour, 
J. Mater. Chem. A Mater. 3 (2015) 7607–7615, https://doi.org/10.1039/ 
c4ta06649a. 
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