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a b s t r a c t 

Numerous surface treatment methods are known to enhance the electrochemical activity of graphite 

felt (GF), such as thermal activation or attachment of nanoparticulate catalysts. The integration of het- 

eroatoms into the graphite lattice at the surface could be a promising technique for reliable and efficient 

electrode activation. However, these functionalization techniques are based on thermochemical activation, 

which makes it difficult to distinguish between activity effects other than foreign atom integration, such 

as defects and other surface groups that must be considered. In this work, we analyzed commercial and 

synthetic phosphorus-doped graphene and GF using different electrochemical and physicochemical tech- 

niques. Despite a high doping concentration, the activity of the commercial powder bonded to GF and 

coated on glassy carbon remained limited due to the low degree of graphitization and high oxygen con- 

tent. Instead, a low phosphorus concentration of < 1 at% combined with a high degree of graphitization 

increased the catalytic activity. Building on these findings, GF was rationally modified, resulting in twice 

the power density compared to the original material in full cell tests. 

© 2022 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 

As a key component of the vanadium flow battery (VFB), the 

raphite felt (GF) electrode determines the conversion efficiency of 

lectrical to chemical energy and vice versa . Due to its slow charge 

ransfer properties, lots of ongoing research and development fo- 

uses on improving the activity through appropriate pretreatments. 

n general, these processes can be divided into three subcategories: 

rst, the activation of the electrode by thermal, chemical, or elec- 

rochemical treatments to alter the surface properties of GF, in- 

rease the surface area and introduce active sites [1–4] . Second, the 

ecoration of GF by a variety of carbon-based materials such as 

raphene or carbon nanotubes, or metal-based material such as 

ismuth nanoparticles, TiC, or metal oxides [5–9] . Third, the direct 

ntegration of heteroatoms into the surface of graphite to increase 

he electron donor or acceptor levels which should enable more ef- 

cient charge transfer. Each tactic faces specific problems: surface 

unctional groups and graphitic defects are often unstable during 

lectrochemistry [10] . The binding of particles to GF is difficult be- 
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ause the flowing electrolyte can wash away the valuable catalyst 

aterial. Using a polymeric binder adds complexity to the process 

nd may passivate parts of the electrode. In contrast, heteroatom 

unctionalization might be able to reliably integrate active sites 

nto the lattice of graphite, which do not depend on loose surface 

roups or can be easily removed by convective forces. 

First-principle calculations already predicted the possibility to 

mprove the catalytic activity of graphene for the negative vana- 

ium half-cell reaction by heteroatom functionalization [11] . The ef- 

ects of different nitrogen-containing groups were discussed and 

ompared to graphitic boron and phosphorus groups. Regarding 

he electrical conductivity, wettability, and calculated energy bar- 

iers, phosphorus-modified graphene was the most promising ap- 

roach. However, few experimental studies characterized an elec- 

rode treated with boron, phosphorus, nitrogen, or multiple ele- 

ents for VFBs [12–16] . For boron-doped GF it was shown that not 

he amount of boron is crucial (all samples exhibited < 1 at%) but 

he type of bonding, since the activity was most improved for the 

ample with the highest share in graphitic boron groups [12] . Ther- 

ochemical treatment of GF with phosphoric acid resulted in an 

nhanced electrode performance, revealing the formation of abun- 

ant pores in the range of 0.2 to 20 μm on the surface in addition
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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o phosphorus-containing functional groups [13] . By nitrogen dop- 

ng, the activity of GF for the V 

V O 2 
+ /V 

IV O 2 + redox reaction could

e increased [14] . 

When the evaluation of heteroatom functionalization is the 

im of a study, it is important to consider the effect of other 

ctivity-influencing properties. Often, the specific surface area is 

ncreased or additional edge sites are introduced, which greatly 

atalyze both vanadium half-cell reactions[ 10 , 17 , 18 ]. As a conse-

uence, the proper influence of the integrated element cannot 

e addressed with certainty. Some researchers discussed the role 

f the heteroatom in general, since even bird dung was used to 

aise the electrocatalytic activity of graphene [19] . For doped mate- 

ials, the increased activity is therefore secondary associated to the 

reation of abundant oxygen-containing functional groups[ 16 , 20 ]. 

hese, however, do most probably not assist in the charge transfer 

rocess for the vanadium redox couple as our group has recently 

emonstrated [21] . 

It is therefore crucial to achieve a better understanding of 

he possible enhancement by heteroatom functionalization of 

raphitic surfaces. We first studied commercial boron (electron- 

ithdrawing) and phosphorus (electron-donating) doped graphene 

y half-cell electrochemistry to elaborate on a heteroatom can- 

idate. To establish correlations between the electrocatalytic and 

hysicochemical characteristics, the bulk and surface properties of 

he material were studied in detail by X-ray diffraction, photoelec- 

ron and Raman spectroscopy. We also investigated the differences 

etween the commercial and homemade modified graphene. Based 

n the thereby gained knowledge, GF was directly phosphorus- 

unctionalized without changing the residual material properties 

hich influence the activity. The modified GF was characterized by 

alf-cell electrochemistry and full cell polarization curves. The un- 

erlying study thus provides evidence for the positive influence of 

eteroatom functionalization and paints a clear picture about the 

roperties which are often changed as a side effect and can addi- 

ionally have a enhancing or detrimental influence on the electro- 

hemical activity. 

. Experimental 

.1. Sample preparation 

To prepare graphene containing dispersions, 4 mg of pristine 

raphene (Dasheng graphene Co. Ltd., China), graphene treated at 

0 0 0 °C (G30 0 0, Dasheng graphene Co. Ltd., China), boron and

hosphorus-doped graphene (BG and PG-1, Sigma-Aldrich) powder 

ere dispersed in 990 μL Milli-Q water (18.2 M Ω cm 

−1 ) and 10 μL

afion (5 wt%, Sigma-Aldrich) under ultrasonication for 90 min. 

0 μL of the obtained homogeneous dispersion were drop coated 

ith an Eppendorf pipette onto glassy carbon (GC) electrodes (ALS 

o., Ltd.). Prior, the GC electrodes were polished with aluminum 

uspension (0.05 μm, MasterPrep, Buehler) on a polishing pad to 

irror finish, and cleaned in acetone and Milli-Q under ultrasound. 

he coated electrodes were dried under ambient conditions for at 

east 1 h, rinsed with Milli-Q to remove residuals, and dried under 

itrogen. 

Phosphorus doped graphene (PG-2) was synthesized based on a 

ethod published elsewhere [22] . Briefly, 30 mg G30 0 0 were dis- 

ersed in a solution containing 50 mL isopropanol and 150 mg 

riphenylphosphine (TPP, Sigma-Aldrich) for 2 h under ultrasound. 

he solvent was evaporated on a hot plate. The residual powder 

as homogenized in a mortar and heated in a corundum crucible 

ith a ramp of 5 °C min 

−1 to 10 0 0 °C for 90 min under argon at-

osphere. After washing and drying, the final phosphorus doped 

owder was obtained. 

Sheets of 4.6 mm thick pristine polyacrylonitrile-based graphite 

elt (GFD 4.6, SGL Carbon) were cut out and cleaned by sonica- 
2 
ion in acetone and Milli-Q for 10 min each, followed by drying 

t 80 °C overnight. To prepare graphene-modified electrodes, car- 

oxymethyl cellulose (CMC, Sigma-Aldrich) was dissolved in Milli- 

 water to a concentration of 1 mg mL −1 , and subsequently, 2 mg 

L −1 graphene powder was added. The dispersion was ultrason- 

cated for 180 min to distribute the material homogeneously and 

urably [23] . The cleaned felts were dipped in the solution, thor- 

ughly wetted by applying vacuum to the vessels, ultrasonicated 

or 20 min, reversed, and ultrasonicated again for the same time. 

fterwards, the samples were transferred to a freeze-dryer (Ly- 

Quest −85, Telstar), frozen overnight at −85 °C and then freeze- 

ried for 48 h. This procedure has proven to guarantee a homoge- 

eous distribution of graphitic nanomaterials on GF [10] . The sam- 

les were subsequently heat-treated under argon atmosphere at 

00 °C for 3 h to carbonize the binder. 

The directly modified GF was fabricated by soaking the pris- 

ine felt with a TPP containing dimethyl sulfoxide (DMSO) solution 

12.5, 25, and 50 mg mL −1 ). The wet sample underwent the same 

reeze-drying process as described above and was subsequently 

eat-treated at 200 to 10 0 0 °C under argon, either in an autoclave, 

n an open system, or in a closed graphite crucible with air holes. 

The electrolyte for both half-cells was prepared by diluting sul- 

uric acid (98%, Emsure) in Milli-Q water to a concentration of 

 mol L −1 . The positive electrolyte was prepared by dissolving 

.1 m VOSO 4 × 5H 2 O (Alfa Aesar) in 2 m H 2 SO 4 . To obtain the

egative electrolyte, the positive half-cell electrolyte was reduced 

n a single cell assembly (MicroFlow cell, ElectroCell). It was added 

o both half-cell tanks, pumped through the single cell in a circuit, 

nd charged at 1.6 V. The V 

IV O 

2 + is thus oxidized to V 

V O 2 
+ on one

ide and reduced to V 

III on the other. At a termination current of 

 mA cm 

−², it was assumed that all the vanadium on the negative 

ide was reduced to V 

III . 

.2. Half-cell electrochemistry 

A three-electrode glass cell was used to measure the drop- 

asted graphene electrodes. The sample served as the working, a 

raphite rod (redox.me) as the counter, and Ag/AgCl [3 m KCl, ALS 

o. Ltd., ( E Ag/AgCl = 0.210 V vs. RHE)] as the reference electrode. 

efore the electrochemical testing, the electrolyte was deaerated 

ith argon. All electrochemical tests were performed using a Bio- 

ogic VSP potentiostat at room temperature, employing a scan rate 

f 10 mV s −1 in a potential range of −1 to 1.6 V vs. Ag/AgCl for

yclic voltammetry (CV) and linear sweep voltammetry (LSV). 

For the investigation of GF, a custom-built three-electrode cell 

as used, and the graphite rod was exchanged for high area GF. GF 

ieces with a diameter of 7 mm were punched out of the sample 

nd assembled in the electrochemical cell. CV was conducted with 

 slow scan rate of 1 mV s −1 . Electrochemical impedance spec- 

roscopy (EIS) was recorded at an applied potential of −0.45 V vs. 

g/AgCl in the negative and 0.9 V vs. Ag/AgCl in the positive half- 

ell to assess the charge-transfer resistance ( R CT ) of the respective 

anadium redox reaction. The spectra were fitted with the RelaxIS 

 software (rhd instruments) using following equivalent circuit: an 

nductor and the electrolyte resistance in series, followed by two 

arallel resistance/constant phase elements, one for the glassy car- 

on/felt interface and one for the felt/electrolyte interface, and fi- 

ally a constant phase element for diffusion (which was not al- 

ays necessary). At the second interface, R CT was evaluated. The 

lectrical double layer capacitance (EDLC) was measured in a po- 

ential window of 0.15 to 0.25 V vs. Ag/AgCl. The potential was 

ept at 0.2 V vs. Ag/AgCl for 30 s before scanning the potential re- 

ion with a given scan rate. Considering the anodic and cathodic 

urrent at 0.2 vs . Ag/AgCl, the slope of a current vs . scan rate plot

eveals the capacitance C according to the equation C = 

i × t 
E , with 

 resembling the current, t the time, and E the potential. 
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.3. Full cell electrochemistry 

The characterization of the performance of GF under opera- 

ional conditions was conducted by using an in-house designed 

ingle-cell VFB, assembled as zero-gap architecture. A graphite 

oil (GF-176, Graphite Materials GmbH) served as current collec- 

or. The electrodes (1 ×1 cm ²) were fixed by a Teflon® (DuPont 

e Nemours Corp) spacer-layer, which was sandwiched between 

raphite foil and a separator membrane (Fumasep® FS-930, Fu- 

atech BWT GmbH). A double-headed peristaltic pump (323Du, 

atson-Marlow Pumps Group) ensured a continuous flow of the 

lectrolyte (1.6 m V, V 

III /V 

IV ≈ 0.8/0.8 m , 3 m H 2 SO 4 , 0.4 L per

alf-cell, GfE GmbH). The current collectors were connected to the 

otentiostat (Reference 30 0 0, Gamry instruments) via gilded steel 

lamps (BU-60 G, Mueller Electric Europe LTD, UK). 

The electrochemical protocol consisted of the three steps: (I) 

harging of the electrolyte, (II) equilibration of the electrode, and 

III) the actual characterization via the polarization curve method. 

I) To charge the electrolyte to a state of charge (SoC) � 50%, it was

alvanostatically charged at a current density of 68 mA cm 

−2 and 

 flow rate of 70 mL min 

−1 in an external cell. When the open

ircuit voltage reached 1.4 V, the electrolytes were directed via 

hree-way valves to other liquid lines, which were connected to 

he actual test cell containing the electrode. (II) To equilibrate the 

lectrode, the potentiostat generated short time alternating gal- 

anostatic pulses of 1 s, whereby the step size was 1 mA cm 

−2 .

hen the cell-voltage reached ±200 mV of the open circuit volt- 

ge, one of ten equilibration cycle was finished. (III) The first gal- 

anostatic discharge step at −10 mA cm 

-2 was generated for 30 s. 

ubsequently, steps with −20, −30, −40 mA cm 

−2 , etc. , (30 s each),

esulted in a staircase-like electrical current vs . time profile. Dur- 

ng these steps, the cell voltage was recorded. The discharge po- 

arization curve was stopped at a cell voltage of 0 V. To show 

ell voltages at steady state conditions and to exclude the influ- 

nce of capacitive voltages, the voltage over the last 10 s of each 

tep was averaged. During the first polarization curve, the flow rate 

as 130 mL min 

−1 . Afterwards, an identical charging polarization 

urve was performed. Subsequently, the routine was repeated at 

ow rates of 100 and 70 mL min 

−1 . Current collectors, membranes 

nd the electrolyte were exchanged for each sample. 

.4. Physicochemical characterization 

Raman spectra were recorded with a LabRAM HR Evolution 

pectrometer (HORIBA Scientific), equipped with a HeNe laser 

632.8 nm, E laser = 1.9876 eV), further using a 600 grooves mm 

−1 

rating and a 100 × magnification objective. At least five spectra 

ere averaged for each sample. All spectra were subtracted by a 

pline background, normalized to the highest signal and deconvo- 

uted with absolute Lorentzian (D, G, D’) and Gaussian-Lorentzian 

D 

∗ and D’’) peak shapes (Figure S1). 

X-ray photoelectron spectroscopy (XPS) was performed using a 

-alpha + spectrometer (Thermo Fisher Scientific) with monochro- 

atic Al-K α radiation ( E h ν = 1486.6 eV) at a spot size of ∼400 μm.

urvey spectra were recorded with a pass energy of 200 eV, de- 

ail spectra with 50 eV. The Thermo Avantage software was used 

or data acquisition and deconvolution, determining a Shirley back- 

round with the implemented smart background function. In the 

 1 s region, the asymmetry of sp 2 hybridized graphitic carbon 

as evaluated with a tail mix of 80 to 90% and a tail exponent 

f 0.03 to 0.1. All other components were fitted using conven- 

ional Gaussian-Lorentzian peak profiles with FWHM values of up 

o 1.8 eV, restricting the position concerning the sp 2 signal and the 

elative FWHM ( ±0.1) to sp 3 hybridized carbon. 
3 
The X-ray diffraction patterns were measured with a STOE 

TADI P powder diffractometer using monochromatic Cu-K α1 ra- 

iation ( λ = 1.54056 Å) in transmission geometry. 

The electrical conductivity under compression was tested us- 

ng a uniaxial compression device (zwickiLine, Zwick/Roell) with 

 100 N load cell. The thickness of GF at no compression was cal- 

ulated by the distance of the tools at 0.1 N. By knowing the thick- 

ess at a given force, the compression is derived. The test ma- 

hine was coupled to a custom-built cell to measure the electrical 

onductivity. Gold-coated copper pins connected to a potentiostat 

BioLogic SP-300) were attached to the load cell; YSZ insulating 

lates prevented short circuiting through the device. The voltage 

as measured at a current of 100 mA, and the area specific resis- 

ance calculated by ρel = R × A , with R being the electrical resis- 

ance and A the felt contact area. To receive a standard deviation, 

hree samples were tested for each modification. 

. Results and discussion 

.1. Graphene powder attached to GF 

To investigate the influence of doped graphene on the elec- 

rochemical performance, the commercial powders (graphene: G, 

hosphorus-doped: PG-1, boron-doped: BG) were successfully at- 

ached to GF by a previously introduced method [10] . Scanning 

lectron microscopy (SEM) images visualized the distribution of 

mall particles at the intersection of fibers or on single fiber sur- 

aces, and the absence of big aggregates in the pores (Figure S2). 

n the X-ray photoelectron P 2p spectrum of GF-PG (Figure S3), < 1 

t% phosphorus is identified, predominantly bound to three carbon 

nd one oxygen atoms (C 3 PO). 

Cyclic voltammetry (CV) was used to study the values for the 

eak separation potential ( �E p ) of the V 

III /V 

II , i.e ., the negative,

nd V 

V O 2 
+ /V 

IV O 

2 + redox couple, i.e ., the positive half-cell reaction 

 Fig. 1 ). The activity of pristine GF (260 mV) in the negative half-

ell ( Fig. 1 a) was improved by the attached graphene (160 mV). 

o major additional improvement was observed using the doped 

aterial. GF-PG-1 revealed a slightly lowered �E p (150 mV) and 

igher peak currents. The V 

V O 2 
+ /V 

IV O 

2 oxidation ( Fig. 1 b) was en-

anced for GF-G, but the reduction was kinetically hindered, which 

esults in the same �E p as for GF (250 mV). Minor improvements 

ere monitored for the doped material (230 and 220 mV). 

The charge-transfer resistance ( R CT ) of the respective redox re- 

ction was studied using electrochemical impedance spectroscopy 

EIS). In the negative half-cell ( Fig. 1 c), the R CT of GF was 93.5

 cm geo 
−2 , while GF-PG-1 showed a much lower value (34 Ω 

m geo 
−2 ). For GF-BG (47 Ω cm geo 

−2 ) no improvement was found 

n comparison to the felt modified using undoped graphene (42 Ω 

m geo 
−2 ). The R CT was also reduced in the positive half-cell from 

7.5 to 28.5 Ω cm geo 
−2 , especially by the attached phosphorus- 

oped graphene ( Fig. 1 d). Even though the electrocatalytic activity 

f GF could be improved by attaching doped graphene, the possi- 

ilities of heteroatom doping must be studied in more detail to un- 

erstand the important material properties for efficient electrode 

mprovement. 

.2. Electrocatalytic activity of doped graphene powder 

The electrocatalytic activity of the pure commercial material 

as studied. For referential purpose, a CV curve was recorded for 

 blank glassy carbon (GC) electrode and drop-casted graphene 

owder ( Fig. 2 a). We used two commercial graphene powders, of 

hich one was heat-treated under inert gas at 30 0 0 °C to heal de-

ects and remove surface groups. In contrast to heat-treated G30 0 0, 

ristine graphene showed a pre-located sharp redox peak below 
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Fig. 1. Electrocatalytic activity of graphene-modified GF. (a,b) CV investigation of the (a) negative (V III /V II ) and (b) positive (V V O 2 
+ /V IV O 2 + ) half-cell redox reactions with a 

scan rate of 1 mV s −1 . The respective peak potential separation ( �E p ) is indicated. (c,d) EIS in the (c) negative and (d) positive half-cell at an applied potential to assess R CT . 

Fig. 2. CV investigation of drop-coated carbon-based material. (a) Blank GC and two different graphene powders. (b,c) Defect-free graphene (G30 0 0) and doped graphene in 

the (b) negative and (c) positive half-cell. (d) A mixture of pulverized GF and G30 0 0 at different mass ratios. (e,f) G30 0 0 and doped graphene mixed with GF in a ratio of 1 

to 4 in the (e) negative and (f) positive half-cell. 

4 
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 V vs . Ag/AgCl. The higher catalytic activity of graphene was asso- 

iated with an increased degree of disorder, which resembled the 

resence of active defects such as edge sites. To demonstrate this, 

asal and edge plane exposed highly oriented pyrolytic graphite 

lectrodes were investigated, revealing improved redox kinetics for 

he edges (Figure S4)[ 17 , 24 ]. We assume that the double peak

tructure is thus caused by a splitting of the redox signals when 

anadium is reduced/oxidized either at basal planes or more ac- 

ive edges sites. The additional active defects of graphene were fur- 

hermore well-visible in the corresponding Raman spectra (Figure 

5). The defect-poor G30 0 0 was thus chosen as a reference for the 

oped material. 

In both half-cell electrolytes ( Fig. 2 b,c), the boron-doped 

raphene provided a lower electrocatalytic activity than G30 0 0, 

bserved by a low current response and undefined peaks. Although 

G-1 was rather inactive towards both half-cell reactions, a small 

 

V O 2 
+ /V 

IV O 

2+ oxidation peak similar to defective graphene was vis- 

ble. Due to these promising results, we synthesized phosphorus- 

oped graphene (PG-2) using a published method [25] . It showed 

mproved redox kinetics and developed distinct peaks in both half- 

ells. However, rising currents toward the hydrogen and oxygen 

volution reaction were detected. This was further examined in 

 vanadium-free sulfuric acid electrolyte (Figure S6), showing that 

G-2 is active for these side reactions. 

As a next step, we studied the activity of the doped material in- 

eracting with a graphite-based matrix, i.e ., in contact with the felt, 

o converge the results observed for graphene-modified GF. Pris- 

ine GF was pulverized but could not be dispersed in a variety of 

olvents (H 2 O, DMSO, IPA), even with the addition of a surfactant 

r binder. Therefore, it was mixed with G30 0 0 in different ratios 

o force a homogeneous dispersion of aggregates by π–π stack- 

ng and drop casted on GC to study the catalytic activity ( Fig. 2 d).

dding four times the mass of G30 0 0 to GF, a homogeneous dis- 

ersion was obtained, which was directly observed using CV by the 

ormation of two distinct redox peaks. This ratio was thus chosen 

or the investigation of the doped material in both half-cell elec- 

rolytes ( Fig. 2 e,f). PG-2 showed well-defined redox peaks in the 

egative electrolyte, lower selectivity toward hydrogen evolution, 

nd the highest currents in the positive electrolyte, whereas BG 

nd PG-1 remained rather inactive. 

.3. Physicochemical characterization of doped graphene 

To establish relationships between chemical and microstructural 

roperties and the catalytic activity of the material, X-ray diffrac- 

ion (XRD), Raman spectroscopy and X-ray photoelectron spec- 

roscopy (XPS) were employed. By XRD, the degree of graphitiza- 

ion was analyzed ( Fig. 3 a). Graphite powder was used as a refer-

nce, showing Bragg reflections corresponding to the 0 02, 10 0, 101, 

04, 110, and 112 planes located at 2 θ = 26.5, 42.4, 44.7, 54.6, 77.5,

nd 83.6 °, respectively [26] . These reflections were equally present 

or G30 0 0 and PG-2. In contrast, the commercial PG-1 and espe- 

ially BG revealed an amorphous appearance. 

Structural differences were further studied by Raman spec- 

roscopy ( Fig. 3 b). The main features of a graphite Raman spectrum 

onstitute the G band at ∼1580 cm 

–1 , resembling the in-plane 

tretching of C 

= C bonds, and the D band at ∼1330 cm 

–1 , induced

y disordering such as edge sites[ 27 , 28 ]. At higher wavenumbers, 

 second-order D band (2D) at 2655 cm 

−1 , characteristic for highly 

raphitic material, is visible [29] . The intensity ratio of the D and 

 band provides useful information such as the degree of disorder 

n the sample[ 30 , 31 ]. The heat-treated G30 0 0 had a low I (D)/ I (G)

atio of 0.07, which was slightly increased to 0.13 due to the dop- 

ng procedure for PG-2. In contrast, the commercial BG (1.89) and 

G-1 (1.76) showed a high degree of disorder and a vanishing 2D 

ignal, correlating to the amorphous XRD pattern. 
5 
The chemical composition was analyzed by XPS ( Fig. 3 c–g, S7). 

n the O 1 s detail spectra of G30 0 0 ( Fig. 3 c), three different

arbon–oxygen components were identified: carbonyls (O 

= C) at 

531.1 eV, hydroxyls (O 

= C) at ∼532.1 eV, and carboxylic groups 

O 

= C 

–O) at ∼533.1 eV [32–34] . An additional oxygen component 

as present for BG and PG-1 at ∼530.9 and 530.7 eV, arising 

rom oxygen bound to boron or phosphorus, respectively. Six dif- 

erent contributions in the C 1 s region ( Fig. 3 d) were visible for

ll samples: sp 2 hybridized carbon at ∼284.4 eV, sp 3 related car- 

on at ∼285.2 eV, and carbonaceous components at ∼286.7 to 

89.6 eV[ 16 , 35 ]. For BG, boron ( ∼3.1 at%) was equally bound to

hree carbon atoms in the basal plane (190.9 eV), and at the edge 

ite to two carbon and one oxygen atom (192.4 eV)[ 36 , 37 ]. PG-1

eveals phosphorus ( ∼2.4 at%) majorly coordinated to one or two 

arbon atoms (133.4 eV), and the lesser amount covalently sub- 

tituted in the graphite lattice (132.1 eV). Additionally, elemental 

hosphorus was present (129.6 eV). In contrast, PG-2 (Figure S8) 

ad a lower doping concentration of < 1 at%, further exhibiting a 

ower share in edge site located and no elemental phosphorus. 

Close to the Fermi level ( E F ), more information about the elec- 

ronic structure of the material was assessed ( Fig. 3 g). The domains 

elow E F are occupied by C 2p (2 to 12 eV), C 2 s (to 22 eV), and

 2 s (above 22 eV) valence electrons [38–40] . A sharp signal for 

G at ∼16 eV corresponded to the B 2 s core level. All samples 

howed a non-zero state between 0 and 3 eV due to 2p–π elec- 

rons in the basal plane [41] . The steep onset of electron density 

or G30 0 0 ( ∼3 eV) shifted to lower values for BG (2.6) and PG-1

2.1). This suggests that a higher electron density exists close to E F 
nd could in theory more easily participate in charge transfer re- 

ctions. However, especially for PG-1, this uplift was not reflected 

n the catalytic activity. 

In contrast to the electron enrichment in the valence band 

 Fig. 3 g) and the high number of defects for the doped graphene

haracterized by XPS and Raman spectroscopy, several properties 

ere observed which influence the activity negatively. We recently 

emonstrated that surface oxygen inhibits the electron transfer, 

hich could explain the poorer performance of BG ( ∼10 at%) and 

G-1 ( ∼11 at%) sample compared to PG-2 ( < 1 at%)[ 10 , 21 ]. In an el-

mental analysis (Table S1), an even lower carbon content for the 

ommercial powders (76 to 78%) was revealed. The high degree of 

ulk oxygen is suspected to impede the electrical conductivity. The 

morphous XRD pattern and a broadened sp 2 carbon feature (from 

.8 to 1 eV) in the photoelectron spectra demonstrated low long- 

ange order and decreased graphitic character at the surface, both 

etrimental for the catalytic activity[ 42 , 43 ]. Considering the higher 

opant concentration of PG-1 ( ∼2.4 at%) compared to PG-2 ( < 1 

t%), the number of foreign atoms in the structure might not define 

he catalytic activity. Instead, it could be more important how the 

hosphorus is embedded in the lattice. In our case, a low number 

f mainly graphitic coordinated phosphorus (C 3 PO) was responsi- 

le for a remarkable change of the electrochemical performance. 

n summary, for a material which maintains low degree of oxy- 

enation and high long-range order, phosphorus-doping could be a 

uitable strategy to improve the electrocatalytic activity. 

.4. Directly phosphorus-doped GF 

After the previous investigation, phosphorus-doped material 

tood out as a promising way to improve the electrocatalytic ac- 

ivity, suggesting that electron-donating species could be benefi- 

ial. The discrepancy between our and previous published results 

ay be resolved considering that most modification techniques go 

long with significant changes not only to the surface chemistry, 

ut also alter morphology and the nature and density of other 

raphitic defects. As has been shown by our previous works, these 

hanges alone may explain a significant part of the observed cat- 
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Fig. 3. Physicochemical characterization of pristine and doped graphene. (a) XRD pattern with graphite powder as reference. (b) Raman spectra with the assigned vibrational 

features and the evaluated D to G ratio. (c–f) Deconvoluted XPS detail regions of the (c) O 1 s, (d) C 1 s, (e) B 1 s/P 2 s, and (f) P 2p signals. The respective concentration of 

each element is indicated, and the single species are assigned regarding their binding energy position. (g) The valence band (VB) region close to the Fermi level ( E F ). 
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lytic improvement, either by increasing the active surface area 

r by improving the kinetics of the charge transfer. We therefore 

oint out that it is essential to prevent changes in morphology and 

o monitor the density of graphitic defects when the effect of het- 

roatom functionalization is evaluated. 

To study the effect of phosphorus surface functionalization for 

F, a slightly modified method used for PG-2 was employed. To 

xclude any influence on other felt properties of the obtained GF- 

, various analytical tools were used. By SEM, we ruled out that 

ur treatment damaged the material visibly (Figure S9). In the XRD 

attern ( Fig. 4 a), four out of six graphene reflections were present 

or both pristine GF and GF-P that did not differ concerning their 

ositions, relative intensities, or FWHM values, proving that the 

odification had no effect on the internal structure. 

The change of disorder was monitored by Raman spectroscopy 

 Fig. 4 b). The D to G ratio of GF slightly increased from 1.95 to 2.05

ue to the modification. Additional defects were also reflected in 

he relatively less intense 2D band. By XPS, the level of oxygena- 

ion was studied ( Fig. 4 c), since it was proposed that oxygen-rich 

hosphate groups can enhance the activity of GF, which we wanted 

o exclude as a possible influence [20] . The low oxygen content of 

he pristine felt ( ∼7 at%) was maintained by our treatment. The 

hosphorus concentration was estimated to < 1 at% by the analy- 

is of the P 2p region ( Fig. 4 d). In contrast to other publications

hat deal with phosphorus functionalization of GF, herein it was 

ot bound to carbon by an oxygen bridge as a functional group but 

irectly substituted for a carbon atom in the graphite lattice, either 

n the basal plane (C PO) or at the edges (C PO /CPO )[ 13 , 20 ]. Due
3 2 2 3 

6 
o the low increase in disorder and the absence of pores in the 

EM images, we conclude that the changes in the electrochemi- 

al performance of GF-P can be associated mainly with the sub- 

titution. Similar to the doped graphene powders, it was seen in 

he valence band region that the treatment increased the electron 

ensity close to E F by ∼0.7 eV ( Fig. 4 e). Furthermore, a shift of

he σ (C 

–O) signals toward the C 2p region was determined which 

orresponds to the presence of majorly hydroxyl and carboxylic 

roups over carbonyl and ether groups and agrees well with the 

bservations in the O1s spectrum ( Fig. 4 c) [38] . 

The electrochemical half-cell performance of GF-P was studied 

n comparison to pristine GF and a felt treated analogous to GF- 

, but in the absence of a phosphorus source (GF-10 0 0). This was 

onducted since the performance of GF is already improved by a 

urface cleaning at high temperatures under argon atmosphere [21] . 

his could be seen by an improved �E p for GF-10 0 0 from 260 (GF)

o 140 mV in the negative half-cell ( Fig. 5 a). However, the �E p was

urther decreased to 80 mV for GF-P. Similarly, in the positive half- 

ell GF-P showed a lower �E p (90 mV) than the less active GF 

280 mV) and the thermally treated GF-10 0 0 (140 mV) ( Fig. 5 b).

he electrical double layer capacitance (EDLC) was studied to qual- 

tatively compare the electrochemically active surface area [44] . The 

ow EDLC of GF ( ∼1.2 mF) was increased by a factor of ∼5 due

o the phosphorus-functionalization. The EDLC is mainly related 

o the graphitic disorder, as the basal plane has low values, fol- 

owed by edge sites and carbon vacancies or point defects, as it is 

he case for GF-P [45] . A further investigation of the electrochemi- 

al impedance confirmed the success of the modification ( Fig. 5 d,e 
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Fig. 4. Physicochemical characterization of GF and GF-P. The microstructural properties were analyzed by (a) XRD and (b) Raman spectroscopy. (c–e) XPS investigation of 

the (c) O 1 s and (d) P 2p detail regions, and the (e) valence band region. 

Fig. 5. Electrochemical half-cell performance and electrical conductivity of pristine and modified GF. CV was performed in the (a) negative and (b) positive half-cell. The 

peak potential separation �E p is indicated. (c) EDLC assessed by CV in a non-faradaic potential window. The anodic and cathodic current responses are evaluated separately. 

(d,e) EIS at an applied potential of 0.9 V vs . Ag/AgCl in (d) half-cell and (e) full cell battery electrolyte. (f) Electrical conductivity under compression. 

7 
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Fig. 6. Electrochemical full cell performance of GF and GF-P. (a,b) Polarization curves (a) at a flow rate (FR) of 130 mL min −1 and (b) at different flow rates. (c) Power curve 

at different FR. 
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nd Figure S10) by lowered R CT values in the negative half-cell 

rom 101 (GF) over 49 (GF-10 0 0) to 5 
 cm geo 
−2 (GF-P), and for

he V 

V O 2 
+ /V 

IV O 

2 + redox reaction from 67.5 to 2.5 
 cm geo 
−2 . Ad-

itionally, EIS measurements were repeated using the electrolyte 

omposition of the below conducted full cell experiments. Whereas 

he R CT value of GF-P remains unchanged at ∼5 
 cm geo 
−2 , the 

low reaction kinetics of pristine GF become less relevant, expos- 

ng a much lower R CT of 19.5 
 cm geo 
−2 at higher vanadium and 

ulfuric acid concentrations. To study in more detail whether re- 

uced R CT values are a consequence of higher electrical conductiv- 

ty, the area specific resistance under compression was evaluated 

 Fig. 5 f). It is seen that there is no significant difference between

F and GF-P, marking faster reaction kinetics to be responsible for 

he enhanced electrocatalytic activity. 

Several parameters, such as the heating temperature (Figure 

11), the concentration of the precursor solution, and the reaction 

nvironment (Figure S12) were altered to find the optimum param- 

ters for the synthesis of GF-P. The herein presented highly active 

F-P exhibited a low heteroatom concentration of < 1 at% using 25 

g mL −1 TPP, and required a heating temperature of 10 0 0 °C in

 closed reaction environment. The activity could not be further 

mproved by increasing the molarity of the precursor solution. 

To investigate the electrochemical performance of GF-P under 

early realistic operation conditions ( i.e ., forced convection of the 

lectrolyte through the electrodes), VFB test cells were equipped 

ith the samples and the polarization curve method was con- 

ucted at SoC � 50%. Thus it can be quantitatively and qualitatively 

istinguished between different types of voltage losses of kinetic 

ctivation, ohmic and mass-transport overpotentials [46] . The po- 

arization curves of GF and GF-P at a flow rate of 130 mL min 

−1 

re displayed in Fig. 6 a. The progression of the U vs. i curves of

F-P and GF at low current densities shows the polarization losses 

ue to the kinetic activation of the electrodes. While GF reaches 

 cell voltage of 1.0 V at already 240 mA cm ², a current den-

ity of 410 mA cm ² is required for GF-P. While GF-P clearly tran- 

its into a linear Ohmic loss region at about 1.2 V, this behav- 

or is not very pronounced for GF. The phosphorus-functionalized 

elt further shows improved reaction kinetics in that region by a 

ower slope compared to pristine GF. A precise observation of the 

rogressions of the U vs. i curves of GF-P especially reveals a de- 

ent exponential-like decrease at high current densities above 1.5 

 cm ², which is an indicator for mass transport overpotentials. For 

F, a progression from a linear to an exponential-like region can- 

ot be observed with certainty. This shows that the cell voltage 

as lowered by kinetic activation and by mass-transport overpo- 

entials, which likely resulted from the slow kinetics of the V 

II 

xidation in comparison to the fast V 

V O 2 
+ reduction, especially 
e

8 
ronounced for the active GF-P [47] . A cell voltage of 0.0 V was

eached at current densities of 1.05 and 2.30 A cm ², respectively, 

emonstrating the ability of GF-P to tolerate higher limiting cur- 

ents. Despite of high educt availability (high in theory due to a 

igh flow rate and high vanadium concentration), the lowering of 

he flow rate caused a ‘forking’ of the polarization curves even at 

ery low current densities ( Fig. 6 b). The current density which is 

ecessary to reach a potential of 1.0 V is dependent on the flow 

ate, increasing from 100 over 220 to 410 for flow rates of 70, 100, 

nd 130 mL min 

−1 , respectively. In summary, we conclude that 

nder realistic operational conditions, the superior GF-P electrode 

aterial scores by lower polarization losses, faster redox kinet- 

cs, and an improved availability/removal of educt/product, respec- 

ively, during the VFB discharge reaction. This is further expressed 

y the high peak power density in Fig. 6 c of GF-P (690 mW cm 

−2 ),

hich is more than twice as for GF (333 mW cm 

−2 ). 

. Conclusions 

In this work, the influence of phosphorus heteroatom function- 

lization on the electrochemical performance of graphene and GF 

as investigated. By using commercial in comparison to synthe- 

ized phosphorus-doped graphene, the important physicochemi- 

al properties of an active electrocatalyst for the vanadium re- 

ox reactions were assessed. A high degree of graphitization and 

ow number of surface and bulk oxygen groups were considered 

ecessary to profit from phosphorus as additional active site. The 

morphous appearance and high surface as well as bulk oxygen 

ontent of the commercial powders were detrimental to the ac- 

ivity. Consequently, the rationally synthesized phosphorus-doped 

raphene showed a high electrocatalytic activity. We transferred 

ur knowledge to realistic battery electrodes and successfully func- 

ionalized GF. The bulk and surface properties of GF were nearly 

nchanged, which demonstrates that changes in the electrochem- 

cal performance result from the heteroatom modification only. 

ubsequently, a high electrocatalytic activity was characterized for 

oth half-cell reactions. Full cell polarization curves demonstrated 

educed kinetic and ohmic losses, higher limiting currents and 

wice the power density of phosphorus-functionalized compared 

o pristine GF. Retaining important graphite properties such as a 

ighly ordered sp 2 carbon content, low concentration of surface 

unctional groups, and incorporation of phosphorus directly into 

he graphite lattice matters more than the sheer concentration of 

he heteroatom. This study showcases the importance of a holistic 

iew on the surface modification of GF since one changing prop- 

rty cannot be made responsible for changes in the electrochem- 
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