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ABSTRACT: The sol-gel reaction mechanism of 211 MAX phases has proven to be very complex when identifying the inter-
mediate species, chemical processes, and conversions that occur from a mixture of metal salts and gelling agent into a crys-
talline ternary carbide. With mostly qualitative results in the literature (Cr2GaC, Cr2GeC, and V2GeC), additional analytical 
techniques, including thermal analysis, powder diffraction, total scattering and various spectroscopic methods, are necessary 
to unravel the identity of the chemical compounds and transformations during the reaction.  Here, we demonstrate the com-
bination of these techniques to understand the details of the sol-gel synthesis of MAX phase V2PC. The metal phosphate com-
plexes, as well as amorphous/nanocrystalline vanadium phosphate species (V in different oxidation states), are identified at 
all stages of the reaction and a full schematic of the reaction process is suggested. The early amorphous vanadium species 
undergo multiple changes of oxidation states while organic species decompose releasing a variety of small molecule gases. 
Amorphous oxides, analogous to [NH4][VO2][HPO4], V2PO4O, and VO2P2O7 are identified in the dried gel obtained during the 
early stages of the heating process (300 and 600 °C), respectively. They are carbothermally reduced starting at 900 °C and 
subsequently react to crystalline V2PC with the excess carbon in the reaction mixture. Through CHN analysis, we obtain an 
estimate of left-over amorphous carbon in the product which will guide future efforts of minimizing the amount of carbon in 
sol gel-produced MAX phases which is important for subsequent property studies.

Introduction 
Solid state heating techniques have dominated the 
field of MAX phase synthesis since their initial prepa-
ration in the 1960s.1,2 These methods have been man-
ifested as the main synthesis techniques, even after 
their “revival” in 1996.3–12 Solid state techniques in-
clude microwave heating, spark plasma sintering, iso-
static hot pressing, and traditional furnace synthesis 
demonstrating a wide preparation portfolio. These 
methodologies, however, find limitations relative to 
wet chemical methods despite providing many ave-
nues to receive MAX phases. The level of tunability of-
fered by changing concentrations, pH, chelating 
strength, type of reagent or taking advantage of spe-
cific solution-based mechanisms is unmatched with 
wet chemical approaches. Sol gel chemistry is an ex-
ample of a technique that utilizes all of these ad-
vantages. Discovered in 19th century13, sol-gel synthe-
sis routes have demonstrated large proficiency in 

developing inorganic materials, such as SiO2, TiO2, and 
even Eu- doped LuO3 as a couple examples.13–15 More 
specialized versions of the technique such as the 
Pechini method enabled synthesis of CeO2, YBCO, and 
Ni6Mo6C by means of small molecules chelating lig-
ands that generate homogenous solutions of 
metal/citrate complexes followed by production of a 
covalent polymer network that serves a trap for metal 
ions.13 
For MAX phase synthesis – that historically is per-
formed by solid state methods – a heavily modified 
version of the Pechini method, known as the amor-
phous metal complex method, has been developed. 16–
22 This technique is based on alpha hydroxy carboxylic 
acids, like citric acid, that chelate metal ions and form 
metal complexes. This produces an amorphous gel-
like matrix upon evaporation of solvent, and ulti-
mately forms gels. This is different from the Pechini 
method that requires both alpha hydroxy carboxylic 



 

acids and ethylene glycol.13 The gels are heat treated 
to facilitate carbothermal reduction of the metal oxide 
phases and finally react into the carbide or carboni-
tride products. Carbothermal reduction is achieved by 
an excess of carbon that stems from the citric acid, 
which also acts as the carbon source for carbide/car-
bonitride formation.18 Bulk samples produced by the 
amorphous metal complex method consist of high 
crystalline wt% of MAX phases, for example, Cr2GaC, 
V2PC, V2GeC1-xNx as well as left-over amorphous car-
bon.16,21,22 Moreover, the ability to shape the target 
phases - which is not possible with classical solid-state 
methods - offers a lot of versatility to this synthesis as 
demonstrated for Cr2GaC (hollow) microspheres, mi-
crowires and thick films.23  
Lacking from the literature is a thorough study of the 
properties of MAX phases synthesized in this manner. 
A few studies discussing transport properties exist but 
are limited by the amorphous carbon content that is 
present in the end products and may influence the 
properties.16,19,20 Beyond this specific aspect, there is 
a large degree of complexity that stems from the 
chemistries involved in sol-gel based processes. The 
identity of constituent gases released during heat 
treating of the gels, the structure of metal chelates that 
form in the sol, and the mechanism to reduce metal ox-
ides to MAX phases are all examples of this. A first suc-
cess in unravelling the reaction pathway was achieved 
for the sol-gel-based synthesis of Cr2GaC.18 By ex-situ 
X-ray and neutron diffraction studies including Pair 
Distribution Function analysis as well as thermograv-
imetric analysis, Siebert et al. showed that amorphous 
Cr/Ga oxide species form that are reduced by disor-
dered graphite (stemming from the gel building 
agent), and eventually react with it to form the ternary 
carbide. 
Building upon these general principles, we turn to a 
more exotic 211 MAX phase, V2PC, that has also been 
synthesized by a sol-gel-based approach. The V-P-C 
system in general displays a great deal of complexity 
in its phase diagram with a number of ternary phases 
that exists aside the 211 MAX phase, for example 
V5P2.83C0.5 V3PC, V4P2C.24 This is especially cumber-
some to deal with when it comes to the solid-state re-
actions because there are not many parameters that 
can be changed relative wet chemistry. This system is 
a suitable candidate for the exploration of the reaction 
pathway as well as a detailed analysis of intermediate 
species. Knowing the nature of intermediates and how 
and when they react is crucial for extending this syn-
thesis method to other MAX phases and even to com-
pounds beyond this class of materials. Vanadium 
phosphate solution chemistry proves to be very com-
plicated because vanadium has many stable oxidation 
states.25–27 Therefore, it is imperative that a variety of 

analytical techniques are utilized to elucidate chemi-
cal and structural information.  
Here, we unleash different spectroscopic, diffraction 
and thermogravimetric techniques to provide an in-
depth view into the sol-gel-based synthesis of V2PC. 
The V-P-O species that form early during the reaction 
are identified, and we present the quantification of 
amorphous carbon in the product. These insights are 
crucial for understanding the formation pathway, po-
tential transfer to other compounds, and meaningful 
future discussions of the (functional) properties of 
MAX phases obtained based on sol-gel chemistry.  
 
Materials and Methods 
V2PC was synthesized by an amorphous metal com-
plex sol-gel-based approach. The stoichiometry of the 
M and A element within V2PC were approximately 
around 2:1. The starting reagents ammonium meta-
vanadate (Acros Organics, 99.5%, NH4VO3), and phos-
phoric acid (Beantown Chemical, 85 wt.%, H3PO4) 
were chosen because of their ease of solubility in wa-
ter. To yield a target 250 mg bulk sample, 100 mL of a 
stock solution of 1.0231 M Phosphoric Acid was pre-
pared. Subsequently, 0.4037 g (3.45 mmols, 2 eq.) of 
ammonium metavanadate were weighed out in air 
and transferred to a beaker with 5 mL of DI water. The 
solution turned yellow indicating that V5+ free ions are 
in solution. Additionally, 2.14 mL (2.20 mmols, 1 eq.) 
of 1.023 M Phosphoric Acid  (please note an excess in 
P is needed for the most phase pure synthesis) were 
added to the beaker which made the solution turn 
from yellow to orange to a deep reddish color. The 
mixture was stirred vigorously using a magnetic stir 
bar. After a few minutes, 1.757 g (9.15 mmols, 5.3 eq) 
of citric acid (Alfa Aesar, 99+%) was added to the V-P 
solution and the temperature was increased to 140 °C 
(heating plate). After 10-15 mins the solution transi-
tions through different colors from reddish, to a deep 
green color (indicative of V3+), to blackish green, to a 
deep blue (indicative of V4+). Based on what is dis-
cussed later in the EPR section, there is likely a coex-
istence of V3+ and V4+ states in the sol. Heating of the 
solution was continued until the majority of the sol-
vent was evaporated, before the temperature was de-
creased to 80 °C. Subsequently, gelation occurred 
upon further heating and stirring of the sol for another 
20-30 mins. 
The viscous dark blue gel was transferred to an alu-
mina boat and loaded into a fused silica tube (approx-
imately 20 cm in length and 2.5 cm in diameter for the 
tube opening). It is imperative that one end of the tube 
is open and the other is closed while the open end of 
the tube faces the away from the direction that protec-
tive gas is introduced to the system setup. The tube 
was placed inside of a horizontal 3-zone tube furnace 
(Carbolite, model EST). UHP Ar was flowed into the 



 

horizontal tube furnace and left to sufficiently purge 
the environment for 30 mins. The sample was heated 
to 950 °C with a heating rate of 2 °C per minute, kept 
at that temperature for 5 hours, and passively cooled 
to room temperature (inside the furnace). The silver-
ish honeycomb-like product was recovered and 
ground with an agate mortar and pestle for further 
analysis. (Reference Fig. S1-S5 to observe the for-
mation of metal chelates and potential polymerization 
steps in the sol.) Note that an excess of citric acid is 
required to guarantee the successful reduction of the 
intermediate oxide species that form. For ex-situ stud-
ies, reactions were concluded after heating at temper-
atures ranging from 200-950 °C. Different synthesis 
stages were studied, by isolating intermediate sam-
ples after heating at different temperatures, by vari-
ous spectroscopic, thermogravimetric, and diffraction 
techniques.  
 
Electron Paramagnetic Resonance (EPR) studies were 
performed at the EPR facility of Arizona State Univer-
sity. Continuous wave EPR spectra were recorded at 
110K using a Bruker ELEXSYS E580 continuous wave 
X-band spectrometer (Bruker, Rheinstetten, Germany) 
equipped with a liquid nitrogen temperature control 
system (ER 4131VT). The magnetic field modulation 
frequency was 100 kHz with a field modulation ampli-
tude of 0.5 mT peak-to-peak. The microwave power 
was 1 mW, the microwave frequency was 9.40 GHz and 
the sweep time was 84 seconds. The EPR spectrum of 
reduced vanadium phosphate was interpreted using a 
spin Hamiltonian, H, containing the electron Zeeman 

interaction with the applied magnetic field B0 and the 
hyperfine coupling (hfc) interaction with the 51V (I = 
7/2) nucleus:28 
 
H = e S . g . B0 + h S . A . I    (1) 

 
where S is the electron spin operator, I is the nuclear 
spin operator of 51V, A is the hfc tensor in frequency 
units, g is the electronic g-tensor, e is the electron 
magneton, and h is Planck’s constant. The electron 
Zeeman interaction is anisotropic and depends on the 
relative orientation between the magnetic field and 
the molecular axes of the vanadium complex. The hfc 
interaction represents the interaction between the 
magnetic moment of the unpaired electron (V4+, S = ½) 
and the magnetic moment of the 51V nucleus. 
To quantitatively compare experimental and simu-
lated spectra, we divided the spectra into N intervals, 
i.e. we treated the spectrum as an N-dimensional vec-
tor R. Each component Rj has the amplitude of the EPR 
signal at a magnetic field Bj, with j varying from 1 to N. 
The amplitudes of the experimental and simulated 
spectra were normalized so that the span between the 
maximum and minimum values of Rj is 1. We 

compared the calculated amplitudes Rjcalc of the signal 
with the observed values Rj defining a root-mean-
square deviation  by: 
 
(p1, p2,…, pn) = [ (Rj

calc(p1, p2, …, pn) − Rj
exp)2/N]½   

(2) 
where the sums are over the N values of j, and p’s are 
the fitting parameters that produced the calculated 
spectrum. For our simulations, N was set equal to 
1024. The EPR spectra were simulated using EasySpin 
(v 5.2.35), a computational package developed by Stoll 
and Schweiger29 and based on Matlab (The Math-
Works, Natick, MA, USA). EasySpin calculates EPR res-
onance fields using the energies of the states of the 
spin system obtained by direct diagonalization of the 
spin Hamiltonian (see Eq. 1). The EPR fitting proce-
dure used a Monte Carlo type iteration to minimize the 
root-mean-square deviation,  (see Eq. 2) between 
measured and simulated spectra. We searched for the 
optimum values of the following parameters: the prin-
cipal components of g (i.e. gx, gy, and gz), the principal 
components of the hfc tensor A (i.e. Ax, Ay, and Az) and 
the peak-to-peak linewidths (Bx, By, and Bz). 
 
Attenuated Total Reflection Fourier Transform Infra-
red (ATR-FTIR) spectroscopy was performed on a 
xerogel of the starting materials dried at 100 °C using 
a high-performance diamond Smart iTX FTIR spec-
trometer (Thermo Scientific). The sample was placed 
onto the sample stage and pressed with the swivel 
press to make sure there was optimal contact to the 
monolithic diamond crystal. The range of analysis was 
performed in the standard mid-infrared region of 
4000-400 cm-1. 
 
Thermogravimetric Differential Thermal Analysis 
Mass Spectroscopy (TG-DTA-MS) was conducted on a 
Netzsch STA409 coupled with a MS IPI 3000 on a dried 
xerogel material. The measurement was done in SCAN 
mode where a mass spectrum (m/z) from 1-50 was 
taken The temperature profile started from 40 °C and 
heat was raised from 1200 °C at a rate of 10 C°/min 
with a constant flow of Ar gas ranging from 0.2-0.4 li-
ters per min. This setup extracted 10-100x greater 
resolution and stability while allowing for determina-
tion of evolved gases during decomposition. Thermal 
analysis and Mass Spectroscopy were acquired in par-
allel of the sample comparative to tests run on an 
STA449 matched with a Netzsch MS Aeolos. (Fig. S8, in 
the supporting information) 
  
Hard X-ray photoelectron spectroscopy (HAXPES) was 
used to characterize the chemical environments and 
oxidation states of samples calcined at 600 and 900 °C 
and data were collected at beamline P22 at PETRAIII, 


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German Electron Synchrotron DESY in Hamburg, Ger-
many.30 Attempts to characterize samples at tempera-
tures of 100 and 300 °C were made but did not provide 
meaningful data due to excessive degassing in the UHV 
chambers. This agrees with the TG results showing 
major instabilities at low temperatures. A photon en-
ergy of 6 keV was used for all experiments, with the 
energy selected using a Si (111) double-crystal mono-
chromator. A Phoibos 225HV analyzer (SPECS, Berlin, 
Germany) was used with the small area lens mode and 
a slit size of 3 mm. Spectra were collected using a pass 
energy of 30 eV. The total energy resolution in this 
setup was determined to be 245 meV, the 16/84% 
Fermi edge (EF) width of a polycrystalline gold foil, 
and all spectra were aligned to the Au EF. All samples 
were mounted as received on conductive carbon tape. 
 
For X-ray diffraction (XRD) analysis, all synthesized 
products were ground with an agate mortar pestle and 
mounted onto a flat cylindrical Si low background 
stage. The X-ray powder diffractograms were gener-
ated and recorded using a Bruker D2 Phaser (2nd Gen-
eration) powder X-ray diffractometer that utilizes Ni-
filtered Cu K𝛼 radiation (𝜆 = 1.5406). Data collection 
was performed at room temperature with 2𝜃 ranges 
extending from 10°-90° and a step size of 0.05°. The 
experimentally generated diffractograms were 
matched with theoretical profiles and patterns to de-
termine present phases. Analysis of the Bragg peaks 
and percentages of existing phases were carried out 
using a Rietveld refinement with the assistance of 
Topas.31  
 
For the CHN (carbon, hydrogen, nitrogen) analysis, 1-
1.5 mg of the V2PC target phase were taken from a 
sample batch 4 times to make sure all parts of the sam-
ple exhibit similar content and were mixed with 0.4-
2.8 mg of combustion aid WO3. The combustion aid 
was varied to ensure the complete combustion of the 
crystalline samples. All four mixed samples were 
placed in tin cups and folded to ensure sample com-
pactness. The samples were then loaded into a PE 
2400 and were flash combusted at a temperature of 
1760 °C. Detection of the total C, H, and N content is 
conducted by a thermal conductivity detector with 
precision up to 0.1 g. 
 
Total scattering data were collected at Deutsches El-
ektronen Synchrotron (DESY), Hamburg, Germany at 
beamline P02.1. The samples were loaded into a 1 mm 
Kapton capillary and measured with a wavelength of 𝜆 
= 0.2071 A . The X-ray Pair Distribution Functions 
(PDFs) were obtained utilizing PDFgetX332 in 
XPDFsuite.33 The X-ray scattering signal from an 
empty Kapton tube was used for background subtrac-
tion. The X-ray PDF of crystalline V2PC was refined 

using PDFgui.34 The refinement for V2PC converged 
the unit cell parameters, isotropic atomic displace-
ment parameters, scale factor, and atomic positions to 
reasonable values. The crystallite size was explained 
by spherical dampening using a parameter known as 
the  
SP diameter. The V2PC refinement was carried out 
with the space group P63/mmc. 
Analysis of the microstructure was done using an Au-
riga-Zeiss FIB SEM. (See Fig. S9-10) The composition 
of the samples was identified making use of an Oxford 
Instruments SDD detector (Ultim MAX). A standard 
aluminum stage holder was covered with carbon tape 
to fix powders to the holder surface. The beam current 
was set at a 20 keV accelerating potential primarily for 
the EDS that was conducted. Multiple sites of the bulk 
samples were analyzed at varying magnifications. 
 
Results and Discussion 

Figure 1: (a) Rietveld refinement of the XRD data 
of the V2PC crystalline product obtained at 950 °C. 
(b) PXRD data of samples heat treated at different 
temperatures. 

Figure 2: PDF analysis of the total scattering data of 
the samples collected at (a) 300 °C (b) 600 °C (c) 900 
°C (d) 950°C. 



 

X-ray powder diffraction data were collected on sam-
ples synthesized at temperatures between 200 and 
950 °C (Fig. 1). Samples prepared at temperatures of 
and below 800 °C do not show any Bragg peaks in the 
(laboratory) XRD data, indicating that no long-range 
order exists (Fig. 1 b and Table S2). The sample pro-
cessed at 950 °C, however, exhibits sharp Bragg peaks 
(Fig. 1 a) that can be assigned to three crystalline 
phases, MAX phase V2PC and two minor side phases 
V5P3N/C and VC. Note that the obtained weight % of 
the side phases can vary slightly from synthesis to syn-
thesis, but the MAX phase is always at least 92 wt%.2,21 
Since the laboratory X-ray diffraction measurements 
of the samples produced at 800 °C and below did not 
provide useful information for identifying the inter-
mediate species, beamline diffraction data were ob-
tained for samples collected at 300 °C, 600 °C, 900 °C 
and 950 °C, respectively (Fig. 2). These temperatures 
were chosen because the samples obtained at these 
temperatures most efficiently capture the intermedi-
ate species as well as the onset of the formation of the 
target MAX phase and the optimized synthesis tem-
perature. PDF analysis of these data show that the 
crystallinity of the sample increases with increasing 
temperature and that long-range order sets in at a syn-
thesis temperature of about 900 °C.  
The V-O-P species in the sample obtained at 300 °C can 
be described as nanostructured [NH4][VO2][HPO4] 

along with some amount of nanostructured V2PO4O. 
However, since the structural coherence length (crys-
tallite size) is smaller than the unit cells of 
[NH4][VO2][HPO4] and V2PO4O the sample obtained at 
300 °C does not contain these crystal structures. In-
stead, this suggests that the species at this stage con-
tain the same types of coordination and bonds as 
[NH4][VO2][HPO4] and V2PO4O. Fitting the compounds 
separately to the collected data at a temperature of 
300 °C yields Rw values of 0.85 and 0.78 for 
[NH4][VO2][HPO4] and V2PO4O, respectively (see Fig. 
S11). Incorporating both structures into a refinement 
decreases the Rw to 0.50, as shown in Figure 2 (a). At 
higher r-values, the fit can be improved as only a sim-
ple spherical size dampening model is applied. How-
ever, as we are mostly interested in the chemical na-
ture of the sample, a better description of the size dis-
tribution and longer-range molecular packing is be-
yond the scope of this paper. Between 300 and 600 °C, 
all compounds are oxidized further and models of a 
mixture of nanocrystalline V2PO4O and VO2P2O7 give a 
good description of the experimental PDF, as shown in 
Figure 2 (b). This is further corroborated by the 
HAXPES data, which describe PO4/P2O7 and V-O bond-
ing environments at 600 °C, which is further analyzed 
in greater detail later on. (Preliminary models of these 
PDF fits are shown Fig. S12.) Further heating to 900 °C 
leads to the formation of the crystalline phases VC, 

Figure 3: A schematic of all species identified when mixing the starting reagents and heating all the way to the 
max temperature of 950 °C. Please note that the structure of the amorphous carbon that is a part of the reaction 
mixture and participates in the reaction at high temperatures has been structurally described in reference [18]. 



 

V5P3N/C, and V2PC which fit well to the PDF, Rw of 0.30 
Figure 2 (c). (See Figure S15 for more insight) Finally, 
at 950 °C, the same phases are present with larger 
crystallite size and verified by standard XRD, Figure 
S14, and again in Figure 1 (a) by Rietveld refinement 
(refer to Table S3-S33) for PDF refinement data). 
Please note that PDF analysis (Figure 2) only includes 
the V-P-O species and not the carbon species present. 
Based on our earlier works on the sol gel-based syn-
thesis of Cr2GaC18, we know from neutron diffraction 
experiments that an excess of carbon exists in the 
form of disordered nanostructured graphite (after de-
composition of the citric acid) until it participates in 
the reaction starting at around 900 °C. Figure 3 shows 
a schematic of all species identified from start to fin-
ish. The product can be washed with acid to remove 
most of the side phases.21 This however does not apply 
to the amorphous carbon species, which cannot be re-
moved by acid wash, and it is not detectable by labor-
atory XRD analysis. Visually in Figure 1(a) there is a 
large broadening of the PXRD pattern within the 2𝜃 
range that could be indicative of amorphous carbon 
(See Table S34 for Rietveld refinement data). Note that 
an excess of carbon is used (citric acid) to ensure re-
duction of oxides and subsequent reaction into the 
carbide MAX phase. More analytical processing 
through use of CHN-analysis was performed to ad-
dress the appearance of this broadening in later sec-
tions. 
 

Following the chemical process by TG-DTA-MS, there 
are a couple points that garner attention. In the tem-
perature ranges of 175-225 °C, the decomposition of 
all reduced vanadium phosphate organic species is ob-
served. The constituent gases evolving off most preva-
lently in this region are identified as CO2 and H2O as 
shown in Figure 4 and S8. Regarding the gases that 
were more difficult to discern such as NH3 and O2, TG-
Single Scan MS measurements on the MS IPI 3000 
were performed to correctly assign all the gases as 
seen in Figure 4. Dialing in at approximately 400 °C, a 
conversion of citric acid to a carbon species is ob-
served. The m/z ratios attributed to Figure 4, panel (d) 
correspond to that of 12. This is easy to rationalize as 
a C fragment results from the large productions of 
CO2/CO from the Boudouard reaction.18 CO2 domi-
nants the equilibrium of the reaction at low tempera-
tures because it possesses a lower (more negative) 
formation entropy relative to CO. Due to formation en-
tropy always having temperature dependence and the 
formation entropy of CO2 being sufficiently low, the 
Gibbs free energy of CO2 is almost a constant. The op-
posite holds true for the Gibbs Free energy of CO 
which is still dependent on temperature. so, the equi-
librium at lower temperatures will not favor it.   These 
ideas are validated more in the TG-Single Spectra-MS 
(Fig. 4), TG-DTA-MS data (Fig. S8), and is also the case 
in similar works.18 At around 575-750 °C, an apprecia-
ble amount of H2 gas is generated.  This indicates there 
is a release of this gas following the further oxidation 

Figure 4: TG-Single Scan MS of a V2PC sample across 40-1200 °C (a) CO2 scan (b) H2O scan (c) NH3 scan (d) 
C scan (e) H2 scan (f) O2 scan (g) CO scan. 



 

of the vanadium phosphate oxide species. Further 
along, at approximately 950 °C, H2 gas and a large 
amount of CO is produced (notable reducing agent). 
This outgassing of CO aligns again with principles of 
the Boudouard reaction, where the chemical equilib-
rium between CO2 and CO acts as a driving force for 
carbothermal reduction.35 
 
2CO  C + CO2     (3) 
 
With the reaction profile reaching a maximum of 950 
°C, the temperature is sufficient to drive the equilib-
rium reaction in the reverse direction, stimulating the 
large abundance of CO.35 It can also be argued there is 
a small contribution of reduction from the generated 
H2 but not to the degree of the enormous amounts of 
CO relative to the other constituent gases. The reduc-
tion of the metal V-P oxides is followed by reaction 

with amorphous carbon to produce the MAX phase 
product (also see Figure 3).  
 
To further shed light on the identity of the intermedia 
te vanadium phosphate species in the sol during sol-
gel mixing and heating, several spectroscopy tech-
niques were utilized. Figure 5 shows the X-band (9.40 

GHz) electron paramagnetic resonance (EPR) spec-
trum of reduced vanadium phosphate, intermediary of 
the V2PC sol-gel reaction (“sol”-phase), recorded at 
110 K. Although a signal consistent with the presence 
of V4+ was observed (Fig. 5, solid line), the spin state 
of the metal center and its hyperfine coupling interac-
tion could not be determined by simple inspection of 
the spectrum. To obtain the EPR parameters, the re-
spective spin Hamiltonian was fit to the data (Fig. 5, 
dashed line). The spectral features observed for re-
duced vanadium phosphate were well-fit (σ = 1.8%, 
see Materials and Methods) considering a 51V4+ center 
(S = 1/2, I = 7/2) with nearly axial g values and axial 
hyperfine couplings (see Table 1). Furthermore, a 
spin-counting experiment was also performed to de-
termine the quantity of V4+ present in a solution of re-
duced vanadium phosphate relative to an equimolar 
solution of vanadyl acetylacetonate (100% in the V4+ 
state) using the same tube and settings. Comparison 
of the total double integrals revealed that the sample 
of reduced vanadium phosphate possessed only 46% 
of the V4+ present in the sample of vanadyl acety-
lacetonate. Consequently, it cannot be ruled out that 
the sample of reduced vanadium phosphate may con-
tain a mix of V5+, V4+ and V3+. A remaining fraction of 
the initial state (V5+) cannot be observed by EPR since 
it is diamagnetic. Whereas the state resulting from a 
two-electron reduction (V3+) is EPR-silent at 9.40 GHz, 
i.e. no resonances would be detected using a conven-
tional X-band spectrometer as the one used in this 
work.36 
 
Table 1. Parameters used to fit the X-band EPR spec-
trum of reduced vanadium phosphate in the sol (at 
low temperature) 
Parametera Reduced Vanadium 

Phosphate (T = 110 K) 
gx 1.977 
gy 1.972 
gz 1.929 
|Ax| (MHz) 205.5 
|Ay| (MHz) 190.8 
|Az| (MHz) 544.8 
Bx (MHz) 53 

By (MHz) 107 

Bz (MHz) 85 
a The fitting parameters were the following: the prin-
cipal components of g (i.e. gx, gy, gz,), the principal 
components of the hfc tensor A (i.e. Ax, Ay, and Az) and 
the peak-to-peak line widths (Bx, By, and Bz). 
 
HAXPES experiments were conducted on two samples 
calcined at 600 and 900°C. The survey spectra (see 
Supplementary Information) show all expected core 
levels and a minute contribution from N 1s. All core 
level spectra in Figure 6 are normalized to their 

Figure 5: Experimental (solid line) and simulated 
(dashed line) X-band EPR spectra of reduced vana-
dium phosphate at 110 K. 



 

respective total P 2s area. The lower temperature sam-
ple is dominated by oxygen-containing environments. 
The O 1s and V 2p core lines are close in binding en-
ergy and shown in Figure 6 (a). An intense oxygen sig-
nal is observed at a binding energy (BE) of 531.7 eV 
commensurate with PO4/P2O7 environments. In addi-
tion to this, the spectra show low-intensity shoulders 
on both the lower and higher BE sides. A higher BE 
feature at approx. 533.2 eV fits the presence of 
PO3/P2O5 environments, whilst the lower BE feature 
at approx. 530.6 eV stems from V-O environments. 
When going from 600 to 900°C, the largest decrease is 
observed for the PO4/P2O7 environments, matching 
observations from PDF analysis in Figure 2. The V 2p 
lines for the 600°C sample show a single broad feature 
at a BE typical of oxidized vanadium in the +4 oxida-
tion state (V 2p3/2 516.3 eV).37,38 At the higher temper-
ature of 900°C, this environment diminishes, and the 
spectrum is dominated by a sharper feature at 513.2 
eV associated with V-P and V-C environments. The C 
and P spectra also show the appearance of these envi-
ronments only at the higher temperature. The C 1s 
core level spectra (see Fig. 6(b)) are dominated by ad-
ventitious/graphitic carbon species at 284.8 eV. This 
is expected because of the remaining amorphous car-
bon in the product. The asymmetric tail towards the 
higher BE (marked with an asterisk) could stem from 
both the graphitic nature of the C or from oxidized 
species. The C-V environments occur at a BE of 282.9 

eV. HAXPES allows access to deeper core states and 
this was exploited in the case of phosphorous, where 
both the P 2s as well as the deep P 1s core level were 
collected (see Fig. 6 (c) and (d)). Both core levels show 
the same chemical environments with a higher BE fea-
ture from P-O environments in both samples (at 191.2 
eV in the 2s and 2148.1 eV in the 1s spectrum) and a 
lower BE feature from P-V environments only in the 
900°C sample (at 186.7 eV in the 2s and 2142.2 eV in 
the 1s spectrum). Due to the difference in kinetic en-
ergy, the probing depth changes between core levels 
and allows a non-destructive depth profile of a sam-
ple. In the present case, the probing depth is approxi-
mately a third higher for the P 2s (23.3 nm) compared 
to the P 1s (16.6 nm), meaning that the P 1s is more 
surface sensitive (the inelastic mean free paths for 
V2PC were modelled using the QUASES-IMFP-TPP2M 
Ver.3.0 software package).39 The ratio between the P-
V and P-O states in the 900 °C sample changes only 
marginally, suggesting that on the probed length 
scales, the sample is homogeneous. Finally, the N 1s 
spectra (see Supplementary Information) decrease 
considerably in intensity (relative to P) upon an in-
crease in the calcination temperature. The 600°C sam-
ple shows several NHx environments between 399-
401 eV, and the 900°C sample shows a narrow, well-
defined peak at 397.9 eV commensurate with metal 
nitride environments. (See Fig. S6-S7 for additional in-
formation on the HAXPES spectra) 
 
Turning more focus again toward the species in the 
sol-based steps of the synthesis. When mixing the 
starting reagents NH4VO3 and H3PO4 (V and P 
sources), drying them, and taking PXRD, a mixture of 
ammonium vanadium hydrogen oxide phosphate 
(NH4HVPO6) and ammonium vanadyl hydrogen phos-
phate (NH4)(VO2)(HPO4) crystallize, as seen in Figure 
S13. The addition of citric acid, displayed in Figure S1 
begins the reduction, chelation, and polymerization 
process of the vanadium phosphate species in the sol. 
The mechanism describing the formation of the am-
monium vanadyl phosphates and their polymerization 
into a gel network is poorly understood.40 A proposed 
mechanism for the metal ion chelation of the meta-
vanadate ion is presented in Figure S2. It remains un-
clear whether the addition of citric acid polymerizes 
the ammonium vanadyl phosphate species as a whole, 
the polymerization is undergone separately for the 
metavanadate and phosphate groups, or if the ammo-
nium vanadyl phosphate species sits entrapped in a 
gel-like network as would be expected for the amor-
phous metal complex technique. (see Figure S3 and 
S5) The last case is the most likely occurrence, but will 
need further exploration of the sol in future works.  
 

Figure 6: HAXPES core level spectra of the samples 
calcined at 600 and 900°C, including (a) V 2p and O 
1s, (b) C 1s, (c) P 2s, and (d) P 1s. All spectra are 
normalized to their respective total P 2s area. 



 

The ATR-FTIR data (Fig. 7) confirms the presence of 
standard bending, stretching, and deformation modes 
of functional groups that comprise the proposed inter-
mediate species. We find stretching/bending modes 
indicative of carboxylic acids in the range of 3300-
2500 cm-1.41,42 The expected V=O stretching vibration 
at approximately 99042 cm-1 shows up at 973 cm-1. 
Phosphate O-P-O deformation bends and P-O asym-
metric stretches are present in the ranges of 1080-
102243 cm-1 and 562-50043 cm-1 respectively. Ammo-
nium ion bands also show up in the range of 1430-
1390 cm-1.41 Tabulated ATR-FTIR data for most bend-
ing stretching, and deformations mode are displayed 
in Figure 7 and the remaining in Table S1. These again 
supplement that all the expected functional 
groups/species are there but are not definitive in con-
cluding that these intermediates are as proposed in 
Figure 7. 
 
CHN analysis was conducted on different batches of 
the final MAX phase V2PC obtained at 950 °C in order 
to discuss the amount of (amorphous) carbon in the 
product. All samples yield a total of 17 % total carbon. 
Considering the target phase should only yield ap-
proximately 8% total carbon, the 17% also includes 
the side phase contribution along with the amorphous 
carbon that is present, commensurate with the 
HAXPES results showing a large contribution from ad-
ventitious carbon species. Note that there is a need for 
excess carbon to provide ample reducing power of ox-
ides, as discussed in the experimental section. How-
ever, at this point, the quantification of the amount of 
“extra” carbon in the system is necessary for future 
works where the amount will be varied.  
 
 

 
 
 
 
Table 2. Tabulated CHN analysis data of V2PC sol-gel 
samples. 
Sample %C %H %N 
1 17.1 0.90 0.56 
2 17.1 0.75 0.55 
3 17.2 0.83 0.56 
4 17.2 0.87 0.51 

 
Conclusion 
The formation mechanism of MAX phase V2PC via sol-
gel-based reaction has been explored in great depth 
utilizing a combination of spectroscopic, diffraction 
and thermal analysis techniques (ATR-FTIR, EPR, 
HAXPES, TG-DTA-MS, PDF, PXRD). Generally, the reac-
tion is a combination of a carbothermal reduction of 
amorphous oxygen-containing species (as shown for 
other MAX phases) followed by reaction with excess 
carbon to form the V2PC product. The detailed anal-
yses discussed here give detailed insights into the 
chemical composition, structure, and oxidation states 
of the involved elements, particularly of the interme-
diate (amorphous) species. The complexes present in 
the dried gel at the very beginning of the reaction are 
identified by spectroscopy. Amorphous oxides, analo-
gous to [NH4][VO2][HPO4], V2PO4O, and VO2P2O7 are 
identified in the dried gel obtained during the early 
stages of the heating process (300 and 600 °C), respec-
tively. Crystalline phases are observed after treatment 
at around 900 °C. The sample experiences the biggest 
mass loss at temperatures below ~500 °C coinciding 
with gaseous CO2, H2O, and NH3 leaving the reaction 
mixture. The onset of MAX phase formation is also 

Figure 7: ATR-FTIR spectrum of reduced vanadium phosphates in the xerogel of mixed starting reagents. The 
xerogel was dried at 100 °C. Proposed sol-gel intermediate IR modes (color coded in the ATR-FTIR Plot). 



 

clearly visible with a spike in the CO signal at around 
900 °C. To address the remaining amorphous carbon 
in the product, CHN analysis was performed. This is a 
crucial step towards understanding the properties of 
carbonaceous MAX phases produced by sol-gel chem-
istry as well as tuning (minimizing) the amount of car-
bon in the products. 
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MAX phase V2PC can be prepared by sol gel-assisted method involving metal salts and citric acid 
that acts as a gelling agent and carbon source. We unravel the intermediate species and chemical 
reactions that occur throughout the entire process (between room temperature and 950 C) by 
combining spectroscopy, diffraction and thermal analysis techniques. Insights into the chemistries 
during this synthesis approach may guide the synthesis of further MAX phases or similar P-con-
taining compounds. 


