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ABSTRACT: The ability to control the compositional phase in
first row transition metal bimetallic carbides as well as systemati-
cally controlling the metal ratio is complicated by the rich phase
diagram, differences in metal reactivity, and differences in carbon
solubility in the first-row metal carbides. Prussian blue analogues
(PBAs) have been shown to act as a single source precursor for the
formation of nanocrystal metal carbides with maintenance of their
metal. An investigation of crystal phase control in the ternary
(FexCo1−x)yCz formed by PBA collapse is yet to be explored. In
this study, we demonstrate the ability to tune phase (from most carbon rich to least carbon rich) M2C, M5C2, M7C3, and M3C, as
well as the bimetallic alloy (M) in bimetallic FeCo nanocarbides through a strategy that pairs synthetic and density functional theory
approaches to enable future targeted structure−function research on intriguing catalytic, therapeutic, and magnetic applications.

■ INTRODUCTION
Following from the scientific dogma of “form follows function”,
to obtain a desired property, the structure of a material dictates
its potential uses. First row transition metal carbides possess
rich phase diagrams,1−5 where the structure and carbon
content strongly influence the materials properties, reflecting
changes in orbital interactions and subsequent band structure.
In the catalytic literature, it is known that chemical activity is
dependent on phase (anatase vs rutile TiO2 for instance) or as
observed in Fischer−Tropsch catalysis, the Hagg carbide
(Fe5C2) is more catalytically active than other MxCy
carbides.

1,4,6−12 Likewise, the presence of synergistic effects
in ternary systems (i.e., FeCoP, FeCoO, and FeCoC) has
suggested that ternary or higher entropy materials may be
better catalysts if the structural phase of a material is
controlled.13−21 In ternary systems such as bimetallic carbides,
the reaction phase space naturally becomes more complex;
therefore, the number of possible materials isolable increases.
Whether the goal is to prepare hardened materials, corrosion

resistant, or improve catalytic activity, developing synthetic
methods to isolate a specific compositional and structural
phase from a reaction mixture is crucial.12,22−25 When
materials are grown via solid state methods, temperature and
stoichiometry are employed to provide phase control; however,
when grown as nanomaterials through solvent based methods,
chemical control is strongly impacted by the thermodynamic
and kinetic steps involved in nucleation and growth. As a
result, being able to isolate a specific composition and structure
is extremely difficult.26−28

A material system that exhibits a rich phase diagram, is
known to have properties dependent on structure and
composition,29 and is of immense interest in catalysis, as well
as metallurgy, is the first row metal carbides.3,30,31 The

performance of the metal carbides is directly dependent on
metal composition and crystallographic phase, particularly in
the case of binary systems where synergistic effects have been
hypothesized.7,32−36 The bimetallic FeCoC ternary system has
been identified as a promising material for catalytic, diagnostic
imaging,22 data storage,37,38 and environmental remediation
applications.39 Although Fe and Co carbide materials are
considered “ancient advance materials”,23,24 there has been
limited research on the use of synthetic parameters to prepare
unique crystal phases.
Instead of focusing on the isolation of several different

phases, most studies have investigated properties of the mixed
phase or the one pure phase material isolable. Development of
synthetic methods that allow careful control of the bimetallic
composition in a specific crystallographic phase is challenging
for FeCoC as the phase diagram of FeC possesses a rich phase
space. To date, monometallic carbides remain the only
carbides whose structures have been thoroughly studied. The
most common Fe carbide phases are Fe3C and Fe7C3, while
cobalt carbide prefers to crystallize in the Co3C or Co2C phase.
Many other phases of iron carbides exist (FeC, Fe2C, Fe3C,
Fe3C2, Fe4C, Fe5C2, Fe6C, Fe7C3, Fe8C, Fe20C9, and Fe23C6)
that are said to be metastable phases.12,40 The ternary Fe−
Co−C phase diagram describes only the bimetallic alloy which
packs in two crystal structures (FCC and BCC) and once the
carbon wt % reaches 4%, the carbon crystallizes separately
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from the metal as graphitic carbon.1,3 Despite the reported
strategies for synthesizing Fe and Co carbide monometallic
materials,37,41−43 it is widely accepted that high-temperature
colloidal synthesis from chemical precursors provides the most
control of nanomaterial phase, crystallinity, and size.23 The
formation of nanometal carbides from solvothermal decom-
position of molecular precursors, such as M(CO)x

44,45 and
M(CO3)x,

46 carburization of MOx,
47 and from Prussian blue

analogue (PBA)2,21,28,48 decomposition has been reported in
the literature; however, the resultant materials exhibit mixed
MxCy phase composition.

In monometallic nanocarbides, it has been reported that
addition of halide salts leads to isolation of single phase Fe2C,
Fe5C2, Fe7C3, and Fe3C and for cobalt Co3C and Co2C,
depending on the reaction conditions.44−47 It is reasonable to
assume that halide binding to the monomer or to the growing
carbide nanofacet will be unique to each halide species and to
the metal. Ma and co-workers44 investigated synthetic control
in the Hagg carbide (Fe5C2) using bromide ions, where it was
observed that the addition of bromide ion allowed selective
isolation of the Fe5C2 phase instead of Fe3C (thermodynami-
cally most stable). The use of chloride ions was reported by

Figure 1. (a) Schematic for the thermal conversion of mesocrystal Fe/Co PBA to nanocrystal MxCy in the presence of octadecylamine (ODA) and
TBAX (X = F, Cl, Br, I). (b) Thermodynamically stable MxCy phases for the (FexCo1−x)yCz system. (c) Selected pXRD of isolated pure phase
MxCy nanocrystals with reference patterns for phase assignment. Green represents the M2C phase (COD: 1528415), light blue represents the M7C3
phase (ICSD: 76830), dark blue represents the M5C2 phase (ICSD: 423885), purple represents the M3C phase (ICSD: 42542), and black
represents the M FeCo metal alloy (ICSD: 102381).
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Carpenter and co-workers46 to allow Fe7C3 and Fe3C
isolation,1 while Gao and co-workers used chlorides to isolate
Fe2C, Fe3C, and Fe5C2.

49 Both Ma and Carpenter expanded
the use of halides by demonstrating selective isolation of Co2C
instead of Co3C.

45 The control of FexCy phase by addition of
halide ions was attributed to bonding of the Fe to the halide
through via Bader charge analysis.49 While the role of halide
salts on phase control is widely believed to reflect control of
monomer activity, no comparative study of halide species has
been performed, nor have bimetallic carbides been inves-
tigated, where phase control is more complex. Furthermore,
halide mediated synthesis has not yet been translated to the
ternary (FexCo1−x)yCz system.
Herein, we investigate the effect of halides on the isolation of

pure phase bimetallic FeCo nanocarbides (FexCo1−x)yCz
through the pairing of experimental and computational
strategies to further elucidate the mechanism of systematic
synthetic control. The results of the study cleanly delineate
regions of phase stability for Fe:Co metal ratios under selective
halide concentrations. The impact of changing the halide salt,
its concentration, and the metal ratio on conversion to a
carbide phase was investigated. Density functional theory
(DFT) calculations performed on the addition of carbon in the
presence of the alkylamine at FeCo (110) facet allowed the
competitive binding of the halide to the surface to be
evaluated. The energetics from DFT provide a model where
C diffusion in and out of the nanocarbide is controlled by
surface stabilization. The observations in the nanocarbide
synthesis via a thermal decomposition of a PBA provides a
strategy to control of phase in a broader class of materials
known as MX-ides (oxides, sulfides, selenides, phosphides, and
nitrides). The ability to isolate bimetallic carbides of discrete
phases and potentially apply the strategy to multimetallic
carbides could provide a means for the catalytic community to
test the hypothesis that catalytic performance is dependent on
crystal structure and material composition for high-value
multimetallic MX-ide families.

■ RESULTS
As shown schematically in Figure 1a, a set of high temperature
solution collapses of Fe:Co PBAs were carried out in the
presence of tetrabutyl ammonium halides (TBAX, where X =
F−, Cl−, Br−, and I−). The reaction details are provided in
Supporting Information Table S1. The systematic evaluation of
TBAX concentration at various Fe:Co metal ratios on the
phase isolation of the carbide and the change in metal ion ratio
for the isolated carbide following thermal conversion of
bimetallic Fe:Co PBAs provides insight into the ability to
target composition and structural phase. All reactions were
carried out for 1 h in boiling octadecylamine (ODA) under N2
to avoid oxide formation. The ratio of Fe to Co in the
bimetallic PBAs were prepared by addition of controlled ratios
of M(II) chloride to M(III) cyanometallate salts of Fe and Co
to ensure Fe:Co composition, as previously described.21 The
PBA starting size is Fe:Co ratio dependent and ranged from 50
to 150 nm with a 20% size distribution (SEM images and XRF
compositional details are available in Supporting Information
Figures S1 and S2). Isolation of the nanocarbide from the
reaction is accomplished by centrifugation followed by
magnetic separation from a toluene solution (XRF ratios for
all resultant nanocarbides are reported in Supporting
Information Table S1).
In Figure 1b, the MxCy nanocarbide crystal phases for Fe

and Co carbides that can form are shown. The isolated phases
for each reaction condition are evaluated by the whole pattern
fitting of the pXRD patterns available in Supporting
Information Figure S3. The broad line width in the pXRD
reflects nanocrystalline sizes as observed in the TEM imaging
of selected samples available in Supporting Information Figure
S4. In the data set, it is assumed that a pure phase is present if
the fitting yields >95% of a single phase. For each reaction
carried out, the isolated nanocarbide size is extracted from the
pXRD data using Halder−Wagner pattern fitting, assuming a
spherical particle. TEM analysis of Fe0.19Co0.81 with 2 mmol
TBAC (M2C) and Fe0.19Co0.81 with 2 mmol TBAB (M2C)
shows nanocarbides are high surface area aggregates, exhibit no
detectable lattice fringes, but have a size consistent with the

Table 1. Synthetic Parameters for the Isolation of the Pure Phase Materialsa

isolated FeCoC phase ref card TBAX [TBAX] (mmol) time (h) temp (°C) % Fe initial % Fe final

M3C ICSD:42542 TBAC 0.1 1 350 60 60
M2C ICSD:423885 TBAC 0.5 1 350 19 16
M2C COD:1528415 TBAC 1 1 350 19 10
M2C COD:1528415 TBAC 2 1 350 19 8
M2C COD:1528415 TBAC 2 1 350 35 13
M7C3 ICSD:76830 TBAC 3 1 350 80 72
M2C COD:1528415 TBAB 0.5 1 350 19 14
M2C COD:1528415 TBAB 1 1 350 19 7
M2C COD:1528415 TBAB 1 1 350 35 11
M2C COD:1528415 TBAB 2 1 350 19 5
M2C COD:1528415 TBAB 3 1 350 19 3
M ICSD:102381 TBAB 3 1 350 35 3
M ICSD:102381 TBAB 3 1 350 80 28
M2C COD:1528415 TBAI 0.5 1 350 19 10
M2C COD:1528415 TBAI 0.5 1 350 35 26
M ICSD:102381 TBAI 3 1 350 19 4
M ICSD:102381 TBAI 3 1 350 35 9
M ICSD:102381 TBAI 3 1 350 60 11
M5C2 ICSD:423885 TBAI 3 1 350 80 35

aInitial % Fe reflects the XRF ratio for the PBA precursor and the final % Fe reflects the XRF ratio for the carbide.
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pXRD size analysis (TBAC: 127 nm pXRD vs TEM 142 nm;
TBAB: pXRD 202 nm vs TEM 316 nm). The variation in
pXRD and TEM analysis of size likely reflects the nonspherical
shape, as well as grain boundaries and strain.
Inspection of the results for each reaction in Tables 1 and 2,

as well as Supporting Information in Table S1, reveals that the
reaction primarily produces mixed crystallographic phases. At
certain combinations of TBAX and Fe:Co ratios, a single phase

can be selectively isolated for the M2C, M7C3, M5C2, M3C, and
M structural type. Representative pure phase pXRD patterns
for the shown conditions are plotted in Figure 1c. The plots in
Figure 1c correspond to reaction conditions for 35% Fe sample
with 1 mmol of TBAB for the M2C orthorhombic phase
(COD: 1528415), 80% Fe sample with 3 mmol of TBAC to
yield M7C3 phase (ICSD: 76830), 80% Fe sample with 3 mmol
of TBAI to yield the M5C2 phase (ICSD: 423885), 60% Fe

Table 2. Resultant Phases for the TBAX and TBAX Concentration Studies on the 60% Fe FexCoyC Samplea

isolated FeCoC phase ref card(s) TBAX [TBAX] (mmol) time (h) temp (°C) % Fe initial % Fe final

M2C, M3C, M5C2 ICSD:423885, ICSD:42542, ICSD:423885 1 350 60 65
M2C, M5C2 ICSD:423885, ICSD:423885 TBAF 0.5 1 350 60 58
M2C, M5C2 ICSD:423885, ICSD:423885 TBAF 1 1 350 60 57
M2C, M5C2 ICSD:423885, ICSD:423885 TBAF 2 1 350 60 58
M2C, M3C ICSD:423885, ICSD:42542 TBAC 0.1 1 350 60 60
M2C, M3C, M7C3 ICSD:423885, ICSD:42542, ICSD:76830 TBAC 0.5 1 350 60 57
M2C, M3C, M7C3 ICSD:423885, ICSD:42542, ICSD:76830 TBAC 1 1 350 60 57
M2C, M3C, M7C3 ICSD:423885, ICSD:42542, ICSD:76830 TBAC 2 1 350 60 44
M2C, M3C, M7C3 ICSD:423885, ICSD:42542, ICSD:76830 TBAC 3 1 350 60 44
M3C, M5C2 ICSD:42542, ICSD:423885 TBAB 0.5 1 350 60 55
M2C, M3C, M5C2 ICSD:423885, ICSD:42542, ICSD:423885 TBAB 1 1 350 60 46
M2C, M3C, M5C2 ICSD:423885, ICSD:42542, ICSD:423885 TBAB 2 1 350 60 21
M2C, M3C, M5C2 ICSD:423885, ICSD:42542, ICSD:423885 TBAB 3 1 350 60 6
M2C, M3C, M5C2 ICSD:423885, ICSD:42542, ICSD:423885 TBAI 0.5 1 350 60 56
M2C, M3C, M5C2 ICSD:423885, ICSD:42542, ICSD:423885 TBAI 1 1 350 60 45
M5C2, M ICSD:423885, ICSD:102381 TBAI 2 1 350 60 24
M ICSD:102381 TBAI 3 1 350 60 11

aInitial % Fe reflects the XRF ratio for the PBA precursor and the final % Fe reflects the XRF ratio for the carbide.

Figure 2. (a−d) Low-magnification TEM images showing the aggregate morphology of pure phase nanocarbides. (e−h) High-magnification TEM
images of single particles of each carbide phase indexed to matching lattice fringes with a measured d-spacing. (i) Table of single particle size and
aggregate size.
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sample with 0.1 mmol of TBAC yields the M3C phase (ICSD:
42542), and the cubic FexCo1−x metal alloy (M) (ICSD:
102381) is for the 80% Fe sample with 3 mmol of TBAB. The
concentration of Fe in the PBA and carbide (initial and final),
as well as all other synthetic parameters used to isolate pure
phase materials are reported in Tables 1, 2, and Supporting
Information Table S1.
Whole pattern fitting of the pXRD supports the assignment

of pure phase in the isolated nanocrystals, but due to
broadening of pXRD arising from the nanoscale dimensions,
the phase purity and crystallinity of the nanocrystal are difficult
to fully ascertain. In Figure 2, bright field TEM images on the
carbide materials are presented. Figure 2a−d shows low-
magnification images (magnification 40−150kx), with Figure
2e−h showing higher magnification (800k−1.2Mx), allowing
fringe analysis. Figure 2i shows the particle and aggregate size
analysis from the TEM. Electron diffraction for single
nanocrystals is provided in the Supporting Information (Figure
S11).
TEM imaging of M5C2 and M7C3 shows well-defined faceted

nanocrystals. It is worth noting that M7C3 has smaller NPs (3
nm) observable at high magnification. The M2C and M3C
phases exhibit aggregates of nanocrystals. The M2C sample
appears to aggregate as spherical particles that have an average
size of 240 nm in diameter composed of spherical particles
with an average size of 18 nm (Figure 2e). The M5C2 sample
aggregates as truncated rectangular crystals with an average
width of 37 nm, comprising smaller, somewhat rectangular
particles with an average width of 7 nm (Figure 2f). The M7C3
aggregates into larger more crystalline rectangular crystals with
an average length of 120 nm, which are composed of smaller
spherical particles with an average diameter of 3 nm (Figure
2g). The M3C sample appears to aggregate as cubes that
comprise spherical particles. The aggregates have an average
width of 108 nm, and the spheres have an average diameter
particle size of 16 nm (Figure 2h). Interestingly, the M3C
sample illustrates how the PBA’s cubic sacrificial template has
retained the mesoscale morphology yet is composed of smaller
nanoscale carbides.
Fringe analysis of the high-magnification data confirms that

the assigned phase does not exhibit polycrystallinity within a
nanocrystal. The M2C phase sample was indexed based upon a
d-spacing of 2.422 Å correlating M2C (110) lattice plane.
Lattice fringe analysis reveals a d-spacing match of 5.739 Å to
the (002) lattice plane of the M5C2 phase. Lattice fringe
analysis reveals a d-spacing match of 2.487 Å, which correlates
to the (22̅1) lattice plane of the M7C3 phase. The M3C
material has a d-spacing match of 2.183 Å, corresponding to
the (002) lattice plane of the M3C phase. The fringe analysis
assignments are confirmed by inspection of the electron
diffraction patterns in Figure S11. The well-defined diffraction
patterns arising from single particles are consistent with the
observed faceting of the identified phases. The lack of
amorphous rings or significantly different diffraction patterns
supports the single-phase assumption from Figure 1.
Insight into the phase stability under the reaction conditions

can be elucidated by replotting Supporting Information Table
S1 in terms of a reaction phase space plot for each TBAX
reaction condition (Figure 3). A cursory glance at the plot
reveals reaction conditions lacking TBAX (Figure 3a), for
Fe:Co ratios of <60%, M3C is the predominate species isolated
from the reaction, while at >60% M5C2 and M7C3 are the
primary phases formed with loss of the M2C and M3C

Figure 3. Phase diagrams produced from experimental Fe
concentration, halide species, and halide concentration studies. (a)
Phase composition as a function of Fe concentration without TBAX
addition. (b) Phase composition as a function of TBAF and Fe
concentration. (c) Phase composition as a function of TBAC and Fe
concentration. (d) Phase composition as a function of TBAB and Fe
concentration. (e) Phase composition as a function of TBAI and Fe
concentration. Dotted white lines are placed between Fe concen-
tration studies for the sake of clarity.
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component. Addition of TBAX to the reaction leads to M2C
being the dominant component with M3C being a minor phase
for all halides and Fe:Co ratios below 60%. M3C appears at
>60% Fe:Co. At 80% Fe:Co in TBAI, the M5C2 phase is
dominant, while in TBAC M7C3 is dominant. The results led to
the conclusion that M2C, M5C2, and M3C are competitive
phases in the reaction space for the binary metal carbides. The
observation of mixed carbide phases with Fe3C and Co2C
being reported as the predominant observed phase for Fe:Co
binaries is consistent with the observations in Figure 3.2,21,28,48

Closer inspection of Figure 3 reveals that stability regions
can be identified in the reaction phase space that yield pure
phases as reported in Table 2. The M alloy is observed at high
concentrations of TBAB and TBAI. At 3 mmol TBAF, metal
fluoride contamination with metal carbides is observed, as
shown in Supporting Information Figure S3. Single phase M3C
is isolated (>95% of the composition) for 60% Fe with 0.5
mmol TBAC. The pure M5C2 phase isolated at 2 mmol TBAI
for the 60% Fe sample. The pure phase M7C3 is observed to be
isolable at a high iron concentration with TBAC added. Pure
phase M2C can be isolated in TBAC and TBAB for 19% Fe at
<3 mmol TBAX. The result is consistent with reports on halide
directing phase iron and cobalt monometallic carbides.38,44−47

The general trends for the reaction phase space as a function
of TBAX and Fe:Co metal ratio show that the halide is critical
in directing the phases that form across the Fe:Co ratios. For
all TBAX and TBAF reactions (Figure 3a,b), only mixed phase
materials are isolated across all Fe:Co metal ratios. The phase
composition varies with the Fe:Co ratio. The contribution of
M3C decreases with increasing iron content under the 0 TBAX
reaction condition. Increasing iron content is observed to favor
moderate amounts of carbon containing carbides, while higher
cobalt leads to lower carbon content phases being formed. It is
noteworthy that in the TBAF reaction, the M3C phase appears
in the mixed composition only at 80% iron and 19% iron, while
for 0 TBAX the M3C phase shows a decreasing contribution
across as iron content increases, with no appearance of the
phase at 80% iron. For TBAB and TBAI (Figure 3c,d), the
trend continues with a steady shift to lower carbon content in
the compositions as the amount of iron increases.
Theoretical Evidence of Halide Influence on Carbide

Formation. Metal nanocarbides can form by the diffusion of
carbon into (folding in) and out of (ejection of) preformed
nuclei. Earlier studies on the thermal decomposition reaction
that converts PBA to the metal carbide suggest that the carbon
is formed by the decomposition of the cyanide linker (CN) to
form NCN− and C as products, diffusion of the NCN− out of
the decomposing PBA�(nucleating metal carbide), and
growth of the metal carbide by subsequent decomposition of
cyanide linkers.28 Growth of metal carbides from a nanometal
has been shown to occur through carbon folding into the metal
alloy by thermal decomposition of solvents, ligands, or other
organic species in solution.23,24 Thus, during carbide formation
and subsequent thermal processing, it is possible that carbon
diffusion represents an equilibrium problem. To understand
the carbide formation at various metal contents, the stability of
carbon (C) as an adatom to the surface of a metal and a
carbide must be evaluated. Additionally, this equilibrium
process of C diffusion is anticipated to be impacted by the
binding of the halide (X = F−, Cl−, Br−, and I−) anion and,
therefore, must also be taken into consideration.
In earlier reported DFT calculations on carbide formation

from a metal through C diffusion into the metal, it was

observed that the binding energy (BE) of the C in the presence
of chloride was impacted.49 It was reported that Cl and C have
competitive BEs; however, the impact of the X series on the
BEs and the subsequent carbide phase was not reported.
Building upon the earlier reports and to evaluate all possible C
diffusion equilibrium and understand the TBAX relationship
on phase isolation, first-principles DFT calculations were
performed to compute the BEs of X vs C atoms on the
Fe3C(001), Co2C(101), Fe-terminated (FeCo)3C(001), Co-
terminated (FeCo)3C(001), and FeCo bimetallic (110)
surfaces.
The first X/C/NH3 binding affinity at the five available sites

in each slab model is shown in Supporting Information Tables
S2−S6 and as a plot in Supporting Figures S8−S10. For the
Fe3C surface, the identifiable sites are the Fe top, Fe-hollow,
hollow, 1-C-hollow, and 2-C-hollow (Figure S7a). For Co2C,
the sites are Co top, 1-Co-hollow, hollow, C-hollow, and 2-Co-
hollow (Figure S7b). The Fe terminated (FeCo)3C has sites Fe
top, Co-hollow, hollow, 1-C-hollow, and 2-C-hollow (Figure
S7c); while the possible sites on Co terminated (FeCo)3C are
Co-top, Fe-hollow, hollow, 1-C-hollow, and 2-C-hollow
(Figure S7d). On FeCo(110), the available sites are Fe-
hollow, Co-hollow, Co-top, and Fe-top (Figure S7e).
Comparing the impact on C BE in the presence and absence

of X provides insight into the stability of the carbide phase,
indirectly reflecting the energetics of C diffusion. The BEs for
the second absorption of the X, C, and the alkylamine
(modeled as NH3) are shown in Figure 4g. Figure 4a−f shows
the energetically most stable sites for the second adsorption of
the C or X on the preadsorbed C surfaces. The reference
energy of C is obtained from the energy of the C atom in the
graphite bulk phase. The reference energy of the halide anions

Figure 4. Top view of second adsorption sites on binary and ternary
carbide and metal alloy surfaces. (a) Fe3C(001) surface, (b)
Co2C(101) surface, (c) Fe-terminated FeCoC(001) surface, (d)
Co-terminated FeCoC(001) surface, (e) FeCo (110) F, Cl, and Br
second adsorption site, (f) NH3, C and I second adsorption site, and
(g) plot of second adsorption energies.
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(X) is calculated as 1/2 the total energy of the diatomic X2 in
the molecular state. The data are provided in Figure 4 and in
the Supporting Information (Tables S7−S11). BE calculations
using the reference energy of X obtained from X optimized in
an atomic state are also performed, and the results are included
in Tables S2 and S3 for the bimetallic FeCo(110) surface.
From the BE calculations, the most stable site for C

adsorption on the Fe3C (001) surface is the 1-C-hollow site,
with DFT calculated energies for the second adsorption (in C
preadsorbed Fe3C(001) surface) of F, Cl, Br, and I as −4.26,
2.48, −2.30, and −3.21 eV respectively. The most stable site
for C adsorption on the Co2C (101) surface is the 2-Co-
hollow, with DFT computed energies for the second
adsorption of F, Cl, Br, and I as −3.93, −1.76, −1.60, and
−2.50 eV. The most stable site for C binding on the Fe-
terminated (FeCo)3C (001) surface is hollow, with DFT
calculated second adsorption energy for F, Cl, Br, I of −4.28,
−2.53, −2.35, and −3.27 eV. The most stable site for the Co-
terminated (FeCo)3C (001) surface is also the hollow with
second adsorption energies for F, Cl, Br, and I of −3.90, −2.40,
−2.25, and −3.29 eV. On the FeCo (110) surface, there are 2
stable sites for second F/Cl/Br and I adsorption, and these
sites are at the 1-Fe-hollow and 1-Co-hollow, respectively. The
DFT computed binding energies for second F, Cl, Br, I
adsorption on C preadsorbed FeCo (110) surface are −7.73,
−4.96, −2.03, and −5.41 eV. The opposite calculations of
halide preadsorbed surfaces with a halide or carbon second
adsorption are shown in SI Tables S7−S11.
Since the reactions are carried out in octadecylamine and the

RNH2 group is the surface passivation layer, the impact of
RNH2 on X/C binding at the FeCo (110) face needs to also be
considered. The details of the calculations are available in
Supporting Tables S2 and S7−S11. The alkylamine (RNH2) is
modeled as the ammonia molecule (NH3) to mimic the
passivating ligand. Our DFT results show that on the carbide
phases, the BE of NH3 and C are nearly identical, although the
NH3 is less stable on Fe3C. On the metal alloy, NH3 is the
second most stable, which can be rationalized by the Lewis
basicity of the amine interacting with the acidic metal sites. In
addition, NH3 is less stable on an iron carbide phase relative to
the cobalt carbide phase. This observation supports our
experimental data from Figure 3 where the major phase
isolated among all Fe percentages was the M2C (Co2C phase
type). The observation suggests reactions carried out in
alkylamines may restrict carbon diffusion into the preformed
metal carbide from PBA collapse, and potentially the lowering
of the barrier for carbide formation, as reported earlier.28

In the DFT models computed of preadsorbed C, the trend
from greatest to least stable absorbate follows F− > I− > Br− >
Cl−. The order of stability reflects contributions from
electronegativity and softness of X, with increased stabilization
of the softest ligand (I−) due to stronger orbital overlap and for
the most electronegative ligand (F−) consistent with hard−soft
acid−base (HSAB) theory. This trend seen in both binary and
ternary carbides is important, as it supports our experimental
results of tuning carbide phase accessibility based on X species,
where the energies of each X entity are different but close in
magnitude. Calculations on the metal carbide and metal alloy
confirm that binding the X to the surface when a C atom is
preadsorbed is more favorable than adding an additional C
atom. In addition, the DFT results support our earlier
conclusion that RNH2 passivation lowers the thermodynamic
barrier for carbide formation.28 This implies that the presence

of X in the metal carbide may reduce the probability of carbon
diffusion into the metal carbide through C folding. The
diffusion of carbon out of the material would likewise be
expected to be impacted, in the presence of a bound X, as the
energy of binding is higher (less negative) for C on the carbide
surface, regardless of the carbide phase. By comparison, the
metal alloy favors C diffusion into the alloy relative to the
halides except for F. The DFT results, in general, suggest that
X-mediated synthesis promotes the formation of metal-rich
carbide phases, which is in agreement with experimental results
in Figure 3. In Figure 3, it can be seen that the carbon content
increases with decreasing halide size for a given iron/cobalt
metal ratio. While the halide competes with the alkylamine for
binding at the surface of the growing nanocarbide, the halide is
more favorable based on DFT modeling. This suggests that the
alkylamine passivating ligand is most likely not involved in
phase control. Since the DFT predicts the C adsorption at the
surface is nearly the same energy as the RNH2, the DFT
supports the earlier conclusion that RNH2 is critical for the
formation of the carbide in a PBA decomposition reaction.28,50

Carbide Isolation and Stability. The experimentally
observed phases and the DFT modeling predict that carbon
diffusion is impacted by the presence of the halide; whether
this is due to changes in metal activity, carbide formation
energies, or changes in surface adsorption of C is less clear. It is
well-known that TBAX thermally decomposes to generate
halide ions that can form alkyl halides through SN2
reactions.51,52 By analogy, it is believed thermal decomposition
of the TBAX leads to halide release at <150 °C and subsequent
halide attack on PBA lattice vacancies where water termination
of metal sites exists. As a result, the formation of the
nanocarbide from the PBA is anticipated to be modified by the
polarizability of the halide species. To evaluate the role of the
halide in the conversion to form the nanocarbide, scanning
differential thermal analysis (SDT) on the 19% Fe samples at 1
mmol of TBAX is shown in Figure 5, and the temperature for

carbide and alloy formation is presented in Table 3. The TBAF
shows water loss at 100 °C consistent with TBAF being
hygroscopic. This leads to a water loss feature at 117 °C in
TBAF, but no water loss feature for TBAC, TBAB, and TBAI.
In Figure 5, the TBAF SDT shows signal loss due to an
instrumental error. As previously reported in the absence of
TBAX, water loss from the PBA and subsequent PBA
reconstruction occurs at <300 °C, the loss of NCN leads to
carbide formation above 300 °C, and the alloy is isolated at

Figure 5. Scanning differential thermal analysis (SDT) studies on
19% Fe (Fe0.19Co0.81C) with 1 mmol of TBAX added to the reaction.
The water loss, PBA to nanocarbide, and nanocarbide to alloy regions
are identified. The interpolated curve for TBAF is shown as a red
dashed line.
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temperatures exceeding 500 °C.28 In the presence of TBAX,
the SDT data reveals no defined water loss event and the PBA
to carbide transition occurs at lower temperature (235 °C,
TBAI → 275 °C, TBAF) and the nanocarbide is thermally
stable up to 505 °C, TBAF → 515 °C, TBAI. The SDT data
shows that the presence of TBAX has no defined water loss
event, as previously observed in the absence of TBAX,28 which
suggests replacement of the water in the PBA vacancies by the
TBAX or halide ion occurs upon mixing. The transition to the
alloy also shows a decrease in temperature relative to no TBAX
and is largely constant across the TBAX series. Although
beyond the scope of the study, the data imply that the
nanocarbide is anticipated to be stable up to ∼500 °C for
catalytic applications, while the alloy could be used for high
temperature catalysis. In SDT, the conversion to the
nanocarbide shifts to a lower temperature for the halide series
as a function of halide polarizability (TBAF → TBAI). The
dependence on polarizability is consistent with HSAB theory,
and the DFT formation energy predictions in Figure 4. The no
TBAX SDT data for the 19% sample is available in the
Supporting Information (Figure S5). For the no TBAX
condition, the observed SDT transitions corroborate the
speculation that the presence of the TBAX halide lowers the
energy barrier for carbide formation.
In Figure 6a, the accessible compositions for a given halide

additive are plotted. The halide type, concentration, and ratio
of Fe:Co dictate the phase that is isolated. The fact that the
lowest energy carbide is M5C2, but the most isolated phase
from the PBA thermal collapse is M2C, suggests that the
reaction is kinetically controlled, and the addition of halides
manipulates the precursor activity to provide phase control
over carbides formation. Figure 6b shows the relative energies

of the starting material (FeCo PBA), FeCo carbide, and the
FeCo alloy. The results from Figure 6a lead to modification of
our earlier reaction mechanism hypothesis.28 The model in
Figure 6b now shows where the impact of halide in the barrier
height for the carbide phase provides the kinetic control over
the isolable carbide phase. The kinetic barrier likely reflects
carbon diffusion during nucleation of the carbide phase as the
PBA decomposes. In Figure 6c, the energies of the carbide
phases are illustrated as compared with the precursor and alloy
materials. The relative energies of the carbide phases are very
close, which supports our experimental findings that specific
experimental conditions (halide species, halide, and metal
concentrations) are vital in the isolation of a target carbide
phase.
Metal carbides exhibit a rich phase diagram, reflecting

carbon migration into and out of the lattice. In addition, metal
ion migration in a nanocrystal can result in phase segregation
or expulsion of metals from the nanocrystal due to passivating
ligand interactions. As such, the isolable metal carbide
nanocrystal composition can change as a sample is held at
the reaction temperature for an extended period of time. To
ensure the isolated metal carbide phases are stable, the pXRD
patterns for the 19, 35, 60, and 80% Fe samples were measured
at 1 and 24 h for samples dissolved into octadecylamine with 2
mmol of TBAC and held at 350 °C. Inspection of Supporting
Figure S4 shows no change in the pXRD pattern over the 24 h
annealing experiment, indicating phase stability for the isolated
samples under the reaction conditions. The annealing study
confirms the isolated carbide phase from the decomposition of
PBA in alkylamine is halide and metal ratio dependent, and the
isolated carbide is stable under reaction conditions. The
observed stability of the nanocarbide implies that carbon
diffusion into and out of the material is at equilibrium.

Electrocatalytic Activity. It has been demonstrated that in
metal carbides, the metal species and metal ratio can influence
the observed overpotential for HER and OER electrocatalytic
activity.13,21,48,53 The phase of the carbide has also been
hypothesized to influence catalytic activity for metal
carbides.54,55 In Figure 7, linear sweep voltammograms and
overpotential at 10 mA/cm2 are shown for the phase pure
nanocarbides presented in Figure 1 (M2C: 11% Fe, M7C3: 28%
Fe, M5C2: 35% Fe, M3C: 60% Fe). The linear sweep

Table 3. TBAX-Dependent Temperatures for PBA to
Nanocarbide and Nanocarbide to Alloy Formation

sample PBA → carbide carbide → alloy

19% no TBAX 285 °C 570 °C
19% 1 TBAF 275 °C 505 °C
19% 1 TBAC 260 °C 510 °C
19% 1 TBAB 250 °C 515 °C
19% 1 TBAI 235 °C 510 °C

Figure 6. (a) Ribbon plot depicting carbide phase dependence on halide species. (b) Reaction coordinate diagram describing the decomposition of
PBA to carbide and metal alloy. The green dotted line represents the carbide formation thermodynamic barrier that is dependent on the presence
of RNH2 and the light blue dotted line represents the alloy formation thermodynamic barrier which is dependent on the presence of X−. (c)The
relative energies for each unique carbide phase. The colored dotted lines represent modulation of the thermodynamic barrier by varying the halide
species (TBAX) and halide concentrations ([TBAX]).
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voltammograms were measured under alkaline conditions for
the OER and acidic conditions for the HER on samples drop
cast from methanol onto a carbon screen printed electrode.
The lowest observed overpotential for OER and HER is for the
M2C phase, with an increase in overpotential occurring as total
metal content in the carbide increases. Inspection of the OER
and HER overpotentials for the carbide phase studies in Table
4 reveals that the M2C and M7C3 materials would be

appropriate for application as an effective electrocatalyst for
solar water splitting,56 since the combined overpotentials is less
than 0.45 V. Further studies to interrogate the potential of
nanocarbides for solar water splitting are underway.
We have reported that increasing iron content leads to a

lower decrease in overpotential for <20% iron and an increase
in overpotential at higher iron percentages in mixed phase Fe/
Co carbides.21 For the reported data, it is important to note
that in addition to changes in metal to carbon content in the
phase, the Fe to Co ratio is changing with a higher Fe ratio
corresponding to a higher metal content in the nanocarbide.
The observation of a lower overpotential for lower metal
content carbides in Figure 7 explains the observation in the

previous article, implying phase purity is important in lowering
overpotential in addition to metal concentration. The data
clearly indicates that to fully evaluate electrocatalytic activities
both phase and metal ratio must be evaluated simultaneously.

■ CONCLUSIONS
It is known that in thermal collapse mechanisms, ligand
additives can control not only the rate of reaction but also the
phase of the isolated material.57 In the case of PBA
decomposition of bimetallic PBA mesocrystal precursors, the
addition of halides is vital to the systematic control of metal
carbide. The developed synthetic approach provides a means
to selectively isolate targeted, single phase ternary
(FexCo1−x)yCz materials by judicious choice of the halide
additive and its concentration to control carbon adsorption
and carbide growth. The study supports the hypothesis that
halides facilitate the isolation of a targeted carbide in the
thermal decomposition reaction following the initial PBA to
carbide step. The role of halides in controlling growth appears
to be reflective of the carbon diffusion equilibrium inside and
out of the isolated carbide. Theoretical modeling supports the
experimental conclusion that addition of halides to a PBA
thermal decomposition reaction impacts the growth behavior
and carbon incorporation into the isolable nanocarbides. The
observed experimental dependence of the halide on the carbide
phase, coupled to DFT modeling supports a mechanism
wherein cocoordination of RNH2 and the halide impacts the
thermodynamic stability of the carbon. The DFT observations
support a two-step mechanism where carbon rich carbides
form as PBA collapses, followed by carbon diffusion out of the
material, leading to metal rich phases. From the DFT BEs, the
lower carbon stability in the Fe-terminated carbide would
suggest that a higher metal to carbon material would be
stabilized with increasing iron content. The effect on the
carbide phase with increasing iron was reported for mixed
phase Fe−Co carbides previously.21 The isolated nanocarbides
are thermally stable under the reaction conditions and over a
wide temperature range after isolation as shown by SDT
measurements. The DFT modeling supports that the control
reflects regulating the flow of carbon in and out of the
materials.
Our experimental results coupled with theory provide a

guide to enable future researchers to make pure phase ternary
carbides for catalytic studies, and potential for formation of
phase control to the broader MX-ide family (O, P, N, S, Se,
and Te) which have been heavily studied in OER and HER
electrocatalytic reactions.15,17,62−70,21,48,53,54,58−61 The phase
pure carbides exhibit electrocatalytic activity that is phase
dependent and could be used in solar catalysis based on the
HER/OER overpotentials. Regardless of the future applica-
tions, the coupling of theoretical modeling in the prediction of
reaction outcome is a power tool that enables a rapid
advancement of materials. Further studies are underway
investigating the catalytic and magnetic properties of the
ternary (FexCo1−x)yCz range. As well as expanding this work to
related materials.

■ EXPERIMENTAL SECTION
Materials. All commercially available reagents were used without

further purification. Precursors for FeCo PBAs are K3Co(CN)6 and
K3Fe(CN)6 (Sigma-Aldrich, >99%), KCl (Sigma-Aldrich, 98%),
CoCl2·6H2O (Thermo Fisher, >99%), and FeCl2·4H2O (Thermo
Fischer, >99%). Solvents used for synthesis were ultrapure water

Figure 7. Linear sweep voltammograms to evaluate electrocatalytic
performance in HER (a) and the OER (b) for each pure phase FeCo
nanocarbide. The red dotted line represents the standard current
densities required to be considered a catalyst. (c,d) Bar charts
comparing the HER and OER overpotentials for each sample. Purple
represents M2C, dark blue represents M7C3, light blue represents
M5C2, green represents M2C, and black represents the blank
electrode.

Table 4. Phase-Dependent HER, OER, and Combined
Overpotential Were Measured by Linear Sweep
Voltammetry

phase % Fe ηHER (V) ηOER (V) Δη (V) ηOER − ηHER

M2C 11 −0.082 0.180 0.262
M7C3 28 −0.165 0.284 0.449
M5C2 35 −0.215 0.290 0.505
M3C 60 −0.376 0.327 0.703
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(18.2 Ω/cm, Thermo Fisher Barnstead E-Pure Ultrapure filtration
system), octadecylamine (Acros Organics, 90%), acetone (VWR, ACS
grade), and toluene (VWR, ACS grade).
Synthesis of FeCo PBA Precursors. To produce the PBA

precursors, two solutions are prepared and combined, creating a
coordination polymer through a precipitation reaction. The
stoichiometric ratios of the metals are controlled by adjusting the
ratio of precursors in these solutions. In solution one, 5 mmol of KCl,
x mmol K3Fe(CN)6 (x = 0, 0.1, 0.5, 0.9, 1), 1 − x mmol K3Co(CN)6
(y = 1, 0.9, 0.5, 0.1, 0), 10 mL of ultrapure water, and a magnetic stir
bar are added to a 100 mL round-bottom flask. Solution two consists
of 1 mmol of either FeCl2 (>50% Fe) or CoCl2 (<50% Fe) and 20 mL
of ultrapure water are added to a 50 mL beaker. Solution two is then
dropwise added to solution one at a rate of 5 mL/min and vigorously
stirred. The subsequent reaction solution is left on the stirring for 1 h
to grow the PBA. The PBA are collected via centrifugation, washed
with 30 mL of ultrapure water and dried in a furnace at 90 °C for
approximately 1.5 h, or until dry. The PBA precursors are
characterized using pXRD, SEM, and XRF.
Synthesis of FeCo Nanocarbide (FexCo1−x)yCz. In the typical

synthesis, 200 mg of solid PBA, 0.1−3 mmol of tetrabutylammonium
halide (TBAX, where X = F−, Cl−, Br−, I−), and 20 mL of
octadecylamine (ODA) are added to a three-neck round-bottom flask
equipped with a condenser and heated to 330 °C under inert air for 1
h. The reaction is subsequently quenched using toluene, and the
resultant nanocarbide is collected via centrifugation. The nano-
particles are washed with toluene (3×), acetone (1×), ultrapure water
(3×), and acetone (1×). The nanoparticles are dried in an oven at 90
°C for 15 min. The nanoparticles are characterized using pXRD and
XRF.
Material Characterization. pXRD patterns of PBAs and PBA

derived carbides were collected at room temperature on a Rigaku
Miniflex powder diffractometer (Cu Kα source, λ = 1.54 Å,
Supporting Figure S3). The contributions of various crystalline
phases were fitted and calculated as a percentage for each FexCo1−xCy,
using the Halder−Wagner method as shown in Supporting Figure S4.
The elemental ratios in both PBA and nanocarbide were confirmed
using XRF on a Panalytical Epsilon XRF analyzer (Cu Kα source,
Supporting Figure S2). Size and morphology of PBA precursors were
investigated via SEM imaging (FEI Nova 400, 15 keV, Supporting
Figure S1). Size and morphology of the nanocarbides were estimated
using ImageJ software (sample size = 10 particles) via TEM images,
collected on a Tecnai Osiris TEM operating at 200 kV (Figure 2).
Computational Methods. We used spin-polarized DFT71

calculations within the Vienna Ab initio Simulation Package
(VASP).72,73 The generalized gradient approximation (GGA)74 was
used to account for the exchange correlations effect proposed by
Perdew−Burke−Ernzerhof (PBE), and electron−ion interactions
were described by the projected augmented plane wave (PAW)75

potentials. Bulk Fe in body-centered cubic (bcc) models the
monometallic (101) surface, and FeCo in the bcc structure is taken
to model the bimetallic (110) surface. Both surfaces consist of 72
atoms in an A-B-A-B stacking pattern; the monometallic surface has
72 Fe atoms, and the bimetallic surface consists of 36 Fe and Co
atoms. The monometallic carbides observed in our experiment in
hexagonal Fe3C and orthorhombic Co2C are used to model the
Fe3C(001) and Co2C(101) surfaces, respectively; Fe3C(001) surface
consist of 48 Fe and 16 C atoms, while Co2C(101) surface consists of
40 Co and 20 C atoms. The bimetallic carbide (FeCo)3C(001)
surface was constructed by replacing three Fe atoms with Co atoms in
a hexagonal Fe3C structure. It can have Fe- and Co-terminated
surfaces; both terminated surfaces have 24 Co, Fe, and 16 C atoms.
We used a supercell approach with a 3 × 3-unit cell (metallic and
bimetallic surface) and 2 × 2-unit cell (monometallic barbide and
bimetallic carbide) having four layers in a slab; the bottom two layers
were fixed at the bulk position, and the top two layers were allowed to
relax. Periodic interaction between the slabs was minimized by a
vacuum of 18 Å along the c-axis. We set an energy cutoff of 420 eV for
total energy calculations, and a Brillouin zone sampling was carried
out using a Monkhorst−Pack75 grid of 3 × 3 × 1 for the surface slab.

A relaxed geometry was obtained when the force on each atom was
less than 0.01 eV/Å and the energy convergence was 10−5 eV.

Electrode Preparation. A catalyst slurry was prepared using 1 mg
of catalyst powder and 1 mL of methanol. The slurry was sonicated
until homogenized ∼1 min, and then the suspension was dropcasted
onto the carbon working electrode (5 mm × 4 mm) of a Pine
Instruments carbon screen printed electrode (SPE). The mass loading
onto the surface of the electrode is approximately 0.1 mg/cm2. The
electrodes were dried at room temperature for about 30 min before
electrochemical measurements were performed.

Electrochemical Measurements. All electrochemical measure-
ments were performed using a Pine Research 3 electrode screen
printed electrode system connected to a CH 660E potentiostat. The
SPEs contain a carbon working and counter electrodes as well as a
Ag/AgCl reference electrode. For OER measurements, 1 M KOH
electrolyte was used, and for HER, 1 M H2SO4 electrolyte was used.
All potentials were converted to the reversible hydrogen electrode
potential using eq 1.

E E 1.009 Vvs.RHE vs.Ag/AgCl= + (1)

The potentials versus RHE were then used to calculate the
overpotentials for the OER using eq 2.

E 1.23 Vvs.RHE= (2)
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