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ABSTRACT: Single-phase MxCs (M = Fe, Co, and Ni) were prepared by solvothermal
conversion of Prussian blue single source precursors. The single source precursor is prepared in
water, and the conversion process is carried out in alkylamines at reaction temperatures above
200 °C. The reaction is scalable using a commercial source of Fe-PB. High-resolution
transmission electron microscopy, X-ray photoelectron microscopy, and powder X-ray diffraction
confirm that carbides have thin oxide termination but lack graphitic surfaces. Electrocatalytic
activity reveals that Fe3C and Co2C are oxygen evolution reaction electrocatalysts, while Ni3C is
a bifunctional [OER and hydrogen evolution reaction (HER)] electrocatalyst.

■ INTRODUCTION
Electrocatalytic water splitting, which consists of the oxygen
evolution reaction (OER) at the anode and the hydrogen
evolution reaction (HER) at the cathode, is inefficient mainly
to kinetic barriers in the OER. Stored hydrogen and oxygen,
which can be generated from water splitting reactions powered
by sustainable energy sources, have utility in powering fuel
cells. While platinum group metals have shown superior
performance in both OER and HER, the scarcity of these
materials is a liability for long-term commercial applications in
water-splitting devices.1,2 For development of water-splitting
devices, areas of interest include the development of
bifunctional HER and OER catalysts and earth-abundant
catalysts for low-cost production.3−8 The targeted combined
OER and HER overpotentials for a solar water-splitting device
operating at 10% efficiency are less than 0.45 V, although it is
worth noting that reported electrocatalysts typically do not
meet this criteria.3 New earth-abundant materials, particularly
high surface area nanomaterials, that exhibit low overpotentials
and high stability are critical to enhance the commercial
viability of water splitting, with implications for more efficient
fuel cell technology.
The M-Xide (M = transition metal (TM), X = O, C, N, P, S,

Se, Te, B) family has been identified as potential catalysts for
water-splitting applications.4 Within this family, the metal
carbide family is particularly interesting because of the
reported stability and low overpotential.5−16 In metal carbides,
the presence of stacking faults may enhance electrocatalytic
activity, reflecting the impact of local disorders on electron
density.8,17−19 Mullins and coworkers reported that Co3C
nanoparticles when calcined to CoxC exhibit OER activity, but
surface oxidation was reported. The study suggested that better

OER activity arises from combining the high activity of
amorphous cobalt oxide with the high electron density of
cobalt carbide.20 The catalytic activity for first-row TM
carbides is dependent on the isolated carbide phase, for
instance, in Fe21 and Co4, M2C and M3C are reported to be
catalytically active surfaces, while Ni3C and NiC10,22−24 are
promising water-splitting precatalysts. The reported over-
potentials vary with the synthetic strategy, likely reflecting
the ease of carbon migration and presence of multiphase
carbide isolation. The presence of mixed phases limits the
insight that can be gained on the effectiveness of single-phase
carbides for OER and HER.16,25,26

In the literature, there are multiple synthetic routes to
prepare metal carbide nanocrystals including high temperature
decomposition routes of molecular precursors,14,20,27−29

carburization of metals and metal oxides,30,31 and the recent
demonstration of the thermal conversion of a metal organic
framework or Prussian blue analogue (PBA) as single source
precursors to the desired carbide.10,32−36 While the use of high
temperature M(CO)6 reactions to produce metal carbide
precatalysts is reasonable in the laboratory,6,14,20,27 a synthetic
route utilizing a single source precursor would be advantageous
in the development of scalable and sustainable synthesis for
industrial applications.37 PBAs can be converted to carbides
and metals via calcining powders or solvothermally.11,38−43
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Researchers have shown pure phase carbides are isolable in Ni
and Fe, but the isolated particles are insoluble and embedded
in a carbonaceous layer.24,44

In this manuscript pure phase, octadecylamine-passivated
Fe3C, Co2C, and Ni3C nanocrystal carbides are prepared using
a high temperature, solvothermal conversion of the parent PBA
in octadecylamine at 350 °C. In the present study, the ability
to directly isolate a single-phase carbide that is soluble in
organic solvents as the final product of a solvothermal reaction
is demonstrated. Conversion of a 51.7 ± 14.7 nm Fe-PB
produces a 25 ± 16 nm Fe3C (P6322); a 171.3 ± 51.4 nm Co-
PBA mesocrystal yields 3.1 ± 0.7 nm Co2C nanocrystals
(Pmnn); and 193.5 nm ± 77.3 nm Ni-PBA produces a 64 ± 35
nm Ni3C nanocrystal (R-3cH). Evidence of the pure phase Fe,
Co, and Ni carbides are demonstrated by whole pattern fitting
of powder X-ray diffraction (pXRD), transmission electron
microscopy (TEM) fringe analysis, and X-ray photoelectron
spectroscopy (XPS) data. pXRD reveals that the samples are
single-phase carbides with no evidence of oxide or multiple
carbide phases. However, TEM fringe analysis coupled to XPS
confirm the presence of oxides in the nanocarbides. The
surface termination of the Co2C is assigned to a Co3O4 spinel
based upon TEM d-spacing and pre vs post sputtered XPS
samples. Notably, a crystalline oxide is not observed post- or
presputtering in pXRD. Additionally, no identifiable oxide is
observed on the iron or nickel high-resolution TEM
(HRTEM) images.
The nanocarbides operate as bifunctional catalysts in

alkaline conditions, albeit the HER overpotential for all
carbides is larger than the target for water-splitting and fuel
cell applications.3 Under acidic conditions, Ni3C has an
overpotential of −0.412 V, which is within the desired range.
The Fe, Co, and Ni metal carbides exhibit OER overpotentials
of 0.576, 0.423, and 0.503 V at a current density of 10 mA
cm−2 for geometric area normalized overpotentials, respec-
tively. Electrochemically active surface area (ECSA)-calculated
OER overpotentials for Co and Ni metal carbides gave
overpotentials of 0.451 and 0.563 V, respectively. Fe3C is
unstable under OER conditions (maximum current density of
7 mA cm−2 at 1.8 V), while Co2C and Ni3C exhibit prolonged
electrochemical stability (<2% increase in overpotential after
100 cycles).
The study demonstrates that solvothermal PBA conversion

to the carbide is a facile conversion route. The PBA precursor
allows the single source precursor to be prepared in water and
converted with no evidence of free cyanide after conversion to
the carbide, providing a sustainable and earth-friendly
methodology. The demonstration of reaction scalability of
Fe3C from commercially sourced Fe-PB (reactions demon-
strated at five-fold and fifty-fold) demonstrates the flexibility of
the route in preparing materials for large-scale catalytic studies.
The developed synthetic conversion route from PBA to
carbide is potentially extendable to a wide range of binary45

and ternary metal carbides,46 opening the possibility to
develop a robotic, library of synthetic strategies to target the
preparation and analysis of catalytic activity for first-row TM
carbides. The flexibility of the route reflects the abundance of
PBA permutations reported in the literature.47 The facile route
to carbides fits into the larger effort in nano- and microscale
carbide investigations for the CO2 reduction reaction, HER,
OER, and Fischer−Tropsch process.5,13,27,30,37,48−50

■ RESULTS AND DISCUSSION
Isolation of Single-Phase TM-Nanocarbides. Reaction

of M-PBA (M = Fe, Co, Ni) cubes in octadecylamine at 350
°C for 1 h results in isolation of 25 ± 16 nm Fe3C from 51.7 ±
14.7 nm Fe-PB, 3.1 ± 0.7 nm pure-phase Co2C from 171.3 ±
51.4 nm Co-PBA, and a 64 ± 35 nm Ni3C from a 193.5 nm ±
77.3 nm Ni-PBA platelet (plate thickness 29 ± 12.2 nm). The
nanocrystal size was analyzed by TEM for ∼250 nanocrystals,
with the histograms available in the Supporting Information
(Figure S1). The isolated nanocarbides can be solvated in
nonpolar solvents, precipitated by cosolvent addition, and
purified on a size-exclusion resin.51 No free cyanide is observed
in the reaction following conversion to the metal carbide
(Figure S2).
In Figure 1, characterization data are shown for the

conversion of the M-PBA (M = Fe, Co, and Ni) to MxC (x

= 2 (Co), x = 3 (Fe, Ni)). Fe3C was identified with pXRD
pattern fitting to the Fe3C card, PDF # 01-089-2005. In the
Fe3C sample, the d-spacing is 2.99 Å, indexable to the (1−11)
of the Fe3C. The Fe3C sample shows significant stacking faults.
Co2C nanocrystals assignable to PDF# 01-072-1369 based on
whole-pattern fitting of the pXRD and HRTEM fringe analysis,
with a d-spacing of 2.22 Å, indexable to the (020) of the Co2C.
In the Co2C, TEM imaging in bright field and dark field reveal
a Co2C core (bright, 2.22 Å (020) and 2.42 Å (110)) and a
surface Co3O4 (dark, 2.8 Å (220)) (Figures S3 and S4). The
pXRD pattern is indexed to the Ni3C card, PDF # 01-072-

Figure 1. pXRD data. (a) Iron carbide and Iron PB sample, red line
indicates Fe3C reference card positions, (d) Cobalt carbide and Co-
PBA, red line indicates Co2C reference card positions, and (g) Nickel
and Ni-PBA, red line indicates Ni2C reference card positions. TEM
images of the (b) Fe3C, (e) Co2C, and (h) Ni3C dispersible
nanocrystals. HRTEM of (c) Fe3C with assignable fringe to (1−11)
and carbon shell of 1.54 nm, (f) Co2C with assignable fringe to (020),
and (i) Ni3C with assignable fringe to (−114).
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1467. HRTEM allows assignment of d-spacing of 2.53 Å
assignable to the (−114) Ni3C. No identifiable stacking faults
are observed in the Ni3C TEM. Higher resolution fringe
analysis is available in the Supporting Information, S5−S7).
The pXRD spectra indicate that the carbides are isolated as

single-phase nanocarbides without the presence of oxides or
mixed carbide phases. Fringe analysis of TEM images reveal
well-resolved glide planes in Fe, and Co, but not Ni metal
carbides. Characterization data for the M-PBA starting
materials are available in the Supporting Information (Fe,
Co, and Ni are Figures S8−S10, respectively).
In the TEM images of Fe3C (Figure 1c) and Co2C (Figure

1f), strain and stacking faults are clearly present along the (1−
11) and (020) planes, respectively. The distance between
Co2C stacking faults was measured to be 1.2 nm, with a grain
size measured to be less than 10 nm. Inspection of the Fe3C
stacking faults was measured to be 2.2 nm, with the grain size
measured to be greater than 20 nm. Measuring the angle
between the fringes on either side of the stacking fault gives
angles between 140−152° (Co2C) and 140−156° (Fe3C),
consistent with the existing literature on metal nanocrystals
with stacking fault errors.52,53 In Figure 1f, the stacking faults
are denoted in yellow for clarity. In the Supporting
Information, the stacking faults and angles are fully annotated
(Figures S5 and S6).
In addition to the presence of stacking faults, a low z-

contrast halo is observed. The halo may arise from excess
ligand, carbon shelling as previously reported or EM beam
damage resulting in ligand polymerization or carbon diffusion
out of the nanocarbides. The earlier literature has suggested
that a graphitic carbon shell is formed following PBA thermal
decomposition, as evidenced by Raman spectroscopy and
fringe analysis in the TEM.24,39,44 The carbon solubility in
metal carbides is Fe > Ni > Co based on interstitial formation
energies,54 which is in reasonable agreement with halo
thickness in the TEM image, suggesting a carbon layer.
Raman measurements on the samples do not show character-
istic d and g bands, indicating that the halo is likely amorphous
carbon (Figure S11).
In the Fe3C and Ni3C nanocarbides, the halo is observed to

grow in thickness with increased EM imaging time, suggesting
that beam damage may lead to carbon diffusion from the
nanocrystal (Figure S12). During imaging of Fe3C, the halo
increases from 9.67 nm (t = 0) to 11.83 nm (t = 2 min),
(Figure S13), coupled to changes in the strain boundary and
stacking fault distribution. Closer inspection of the Fe3C TEM
image though shows a d-spacing in the halo of 2.4 Å that may
be due to the surface growth of single-walled carbon
nanotubes, as previously observed; however, the lack of d
and g bands suggests that the percentage of graphitic or
amorphous is small, which may be extruded to the solvent
during the reaction.55,56 The formation and subsequent loss of
carbon nanotubes at the iron carbide surface is not surprising
as it has been reported that carbon can fold into iron and
nickel and be extruded.57−62

To distinguish the carbide core from the amorphous surface,
XPS analysis of the iron, cobalt, and nickel carbide was
performed as a function of the time of Ar+ ion etching. Survey
XPS spectra (Figures S14 and S15) and a comprehensive list of
XPS binding energies (Tables S1 and S2) are provided in the
Supporting Information. In Figure 2, the metal 2p3/2 and 2p1/2
XPS features are shown comparing the signal prior and post
Ar+ etching. At t = 0, the XPS data observes features assignable

to Co(0, II, III),63 Fe(0, II, III), and Ni(0, II, Satellite).64

Following Ar+ sputtering, the M(0) feature dominates the
spectra. The M(II) and M(III) features reduce in intensity
with increasing sputtering time, suggesting the species is
associated with the nanocrystal surface, while the M(0) is
associated with the metal carbide core. Based on the literature,
the observed M(0) feature is assigned to a metal carbide.49 In
Figure 3, the C1s spectra for the MxC nanocarbides are shown.
In the spectra, adventitious carbon (C−C 284.8 eV, C−O−C
286 eV) and a small feature assignable to a metal carbide M−C
bond (282 eV) are observed prior to sputtering. Continuous
Ar+ sputtering of the samples shows a reduction of the
adventitious carbon and an increase in the M−C carbide,
consistent with the M 2p3/2, 1/2 spectra. The spectra may
suggest that the M(II/III) oxidation states observed prior to
etching are due to surface oxide, consistent with darkfield TEM
imaging (Figure S1). As suggested by Mullins and co-workers,
the presence of an amorphous oxide generates M(II/III) XPS
features.20 Because TEM shows an amorphous region, the
presence of an oxide can be evaluated by the inspection of the
O1s data pre- and postsputtering. Postsputtering the Fe, Co,
and Ni carbides shows a loss of O1s at 532 and 530 eV with an
increase in the 528 eV feature. Based on the previous literature,
the 532 and 523 features are assignable to either a C−O or
M−O bond,65 while the 528 eV feature is a lattice oxygen,
O2−.66

To ensure the oxide observed in the XPS data postsputtering
is not an oxide layer, comparison of the pXRD patterns for pre-
and postsputtered Fe, Ni, and Co carbide is compared in
Supporting Information Figure S16, with no evidence for
crystalline oxides, suggesting that the oxide layer is thin. The
correlated appearance of M−C and M−O XPS features,
postsputtering, suggests the inclusion of MO species within the
lattice. The increase in the 528 eV feature with sputtering time,
coupled to the lack of an identifiable oxide in pXRD or TEM
images, suggests that these are local inclusions present as

Figure 2. XPS of the Fe, Co, and Ni 2p3/2 and 2p1/2 before and after
sputtering. Blue and red peaks represent M(II/III) and Ni(Satellite/
II), while gray peaks represent M0.
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defects in the isolated carbide. Whether the appearance of
M(II/III) features and MO features presputtering is reflective
of ligand binding, an amorphous oxide, or a spinel termination
is not conclusive.
The scalability of the reaction was assessed using

commercial Fe-PB with reactions carried out up to 2.5 g of
Fe-PB in 300 g of octadecylamine yielding 900 mg of Fe3C,
Figure 4. As observed in pXRD, the Fe3C phase is maintained
at all reaction quantities. The demonstration of translatability
and scalability has potential significance for preparing hard-
ened materials and precatalysts for the OER and carbon
dioxide reduction reaction.

Electrochemical Activity Toward OER. The electro-
catalytic activity and stability was demonstrated for the isolated
TM-carbides, as shown in Figure 5. Visible evidence of O2

Figure 3. XPS of the Fe, Co, and Ni O1s and C1s before and after
sputtering. In the O1s, black peaks represent the C−O, gray
represents the M−O, and blue represents O2−. In the C1s, black
represents the C−O, gray represents C−C, and blue represents M−C.

Figure 4. Demonstration of scalability for commercial Fe-PB from a
0.01 g (10 g solvent) to 2.5 g (300 g solvent) synthesis, allowing the
isolation of 25 ± 16 nm Fe3C nanocrystals.

Figure 5. (a) Summary of overpotentials measured at 10 mA cm−2 for
the OER (alkaline) and HER (acidic) of the nanocarbides. OER
activities of (b) Fe3C, (c) Co2C, and (d) Ni3C carbides in 1 M KOH.
(e) Electrochemical stability measurements of Ni3C (green) and
Co2C (purple) up to 100 CV cycles. (f) HER activities of Fe3C,
Co2C, and Ni3C in acidic conditions.
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production at the glassy carbon electrode coated with Co2C
(90% Nafion, 10% Co2C by weight) at 1.6 V vs RHE is
observable in the video clip provided in the Supporting
Information (Figure S17, Video S1).
For characterization of metal carbides as efficient electro-

catalysts, overpotentials were extracted at a benchmark current
density of 10 mA cm−2.3 The electrocatalytic activity toward
the OER of metal carbides followed the order Fe < Ni < Co,
according to their respective geometric area-normalized
overpotentials (at 10 mA cm−2) of 0.576, 0.503, and 0.423
V, with maximum current densities of 10, 42, and 19 mA cm−2

observed at 1.8 V. The observed overpotential for the best-
performing OER Co2C electrocatalyst is similar to the reported
overpotential for Co3C (0.455 V).20 The observed Ni3C
exhibits a higher overpotential compared to a value obtained
from the literature (0.500 vs 0.323 V).24 The lower
overpotential for the earlier study is attributable to the earlier
sample being a mixed carby-nitride.24 The observed OER
overpotential for Fe3C is lower than that previously reported.67

Comparison of the PBA-based metal carbide electrocatalysts to
other Fe, Ni, and Co metal X-ides reported in the literature is
provided in the Supporting Information (Table S5). It is worth
noting, obtaining a meaningful comparison is somewhat
complicated by the various methods in which potential catalyst
samples are prepared, the range of mass loadings that are used
and whether the specific activity of the electrocatalyst is used,
which accounts for the electrochemical surface area. In
particular, for this last point, using the geometric surface area
to calculate current density does not consider changes in
microscopic surface area between the samples. For example,
electrocatalysts that are supported on Fe or Ni foam electrodes
likely have greatly enhanced surface areas, so using the
geometric surface may not be a reliable comparison to
electrodes supported on polished disk substrates.
The specific activity of these materials is better analyzed

through analysis of the ECSA estimated from the electro-
chemical double layer capacitance for each catalytic surface
from the cyclic voltammograms (CV). The ECSA was used to
calculate current density for OER/HER because the geometric
surface area does not consider changes in the microscopic
surface area between the samples. When determining over-
potentials from current density for the OER calculated with the
ECSA, only the Ni (0.563 V) and Co (0.451 V) metal carbides
achieved the benchmarking standard current density of 10 mA
cm−2 in the potential range of the voltammogram. Fe carbide
reached a maximum current density of 7 mA cm−2, observed at
1.8 V.
To provide a semiquantitative analysis of the electro-

chemical kinetics for electrocatalytic OER, Tafel plots were
extracted from the voltammogram of each metal carbide
(Figure S18). The resulting linear Tafel slopes, obtained from
the low overpotential onset region of the voltammograms, for
carbides of Fe, Ni, and Co were 165, 112, and 145 mV dec −1,
respectively. These data indicate that OER occurs via a 1e−

transfer rate-determining step (∼120 mV dec−1),68 and the Ni
carbide has the highest mechanistic efficiency.
The electrochemical stability for Fe3C, Co2C, and Ni3C was

assessed over time using repetitive CVs for 100 cycles (4.5 h),
with the 1st and 100th CV shown for comparison (Figure
5b,e). The repetitive CV cycling method was chosen to assess
stability as it provides testing conditions closest to industrially
relevant applications.69 The Fe3C decays significantly in OER

activity, no longer achieving a current density of 10 mA cm−2

after seven CV cycles.
The PBA-grown Co2C and Ni3C catalysts are observed to be

robust over 100 CV cycles, with the CVs from the 1st to 100th
cycle closely overlapping and a < 2% increase of overpotential
(ηj, j = 10 mA cm−2) measured over time (Figure 5e). The
observed stability is surprising when compared to the report of
Mullins for Co3C where a rapid increase in overpotential was
observed over 150 successive scans and ascribed to oxide
conversion of the metal carbide.20

In Figure 6, pXRD and XPS analysis on post OER samples
were performed to assess the growth of an oxide surface for the

Co, Ni, and Fe (Survey Spectra S19 and S20; Table of Binding
Energies and FWHM S3, S4). The pXRD data do not exhibit
identifiable oxide features, suggesting that the catalyst core is
not converted to an oxide during OER, as suggested by
Mullins. XPS analysis on the post OER samples indicates that
oxide formation does occur at the surface during OER, with
the oxide thickness following the trend Fe > Co > Ni.
Sputtering data obtained at different sputtering times confirm
the trend and are available in Supporting information (Figures
S21 and 22). The post-OER data confirm Mullins observation
of oxide growth, which influences long-term OER activity.
The high stability for the PBA derived Co2C when

compared to the report on Co3C may suggest either the 2:1
phase is more stable under alkaline conditions than the 3:1
phase or perhaps the presence of spinel surface termination
and stacking faults in the PBA prepared Co2C may result in
better overall performance.70,71 Although the initial OER
activities of the nanocarbides are low compared to state-of-the-
art electrocatalysts such as IrO2 and RuO2,

3,72,73 the robust
electrochemical stability in harsh alkaline conditions shows
promise for long-term activity.74,75

Electrochemical Activity Toward HER. HER activity was
assessed using linear sweep voltammograms (LSVs) in acidic
conditions, as shown in Figure 5a,f. HER activity in alkaline

Figure 6. Characterization of Fe, Co, and Ni metal carbides post OER
via pXRD (a−c). (d−f) XPS of the M 2p of the Fe, Co, and Ni metal
carbides after sputtering.
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conditions is available in Supporting Information Figure S23
and is observed to be < −0.6 V. HER activity for Fe3C in acidic
conditions is consistent with the reported HER activity for
Fe5C2.

16,76 HER activity for Co2C does not reach 10 mA. In
acidic conditions, Ni3C carbide was the only carbide to exhibit
significant HER activity with an overpotential of −0.412 V,
which indicates that Ni3C has potential as a bifunctional HER/
OER electrocatalyst. The Tafel slope for Ni3C in these
conditions was 170 mV dec−1, close to the theoretical value
reported for the Volmer step being rate-limiting for HER (120
mV dec−1), indicating slow kinetics for hydrogen adsorp-
tion.77,78 The Ni3C Tafel slope data are available in Supporting
Information Figure S24. Comparison of the performance in
HER is compared to reported Fe, Ni, and Co M-xides in
Supporting Information Table S6.

■ CONCLUSIONS
Developing sustainable and scalable routes to first row TM
catalysts that can replace platinum group elements is a critical
target in water-splitting devices, fuel cells, and CO2 reduction
to name a few. Metal carbides are of interest because of high
natural abundance, increased stability, and improved perfo-
mance.4 We developed a solvothermal route to convert a
single-source coordination polymer into targeted nanometal
carbides. The nanocarbides are single-phase, have a spherical
geometry, and 20−25% RMS size distributions.
The observation of OER and HER activity in the TM-

carbides formed using PBA templating methods is promising.
A comparison of the measured values for PBA-grown Fe, Co,
and Ni carbides to the literature values of reported OER and
HER catalysts is provided in the Supporting information (SI
Tables S5 and S6). The measured overpotentials for OER and
HER of the PBA prepared Fe, Co, and Ni carbides are
consistent with previous reports for Ni3C,

24 Fe:Ni3C,
24 and

Co:Ni3C10 formed from Ni-PBA through furnace methods. Of
the catalysts, only the Ni3C is an amphoteric electrocatalyst for
water-splitting reactions. While the Ni3C does not perform as
well in comparison to the established literature, it is suggested
that the size, morphology, and nitrogen-doped graphene
supports may be influencing factors for better electrocatalytic
activity.9 It is worth noting, however, that a report on
bimetallic carbides observed enhancement of HER in Fe:Ni3C,
suggesting further studies into bimetallic carbides prepared
using bimetallic PBAs for enhanced reactivity may be of benefit
due to synergistic effects previously reported in the
literature.24,79−85 Further studies are underway to explore
bimetallic carbides to improve the bifunctional performance of
binary carbides prepared from binary PBA single-source
precursors.
The ability to scale the PBA to carbide conversion synthesis

using commercial sources, as well as the wealth of PBAs known
in the literature, offers great potential. The ability to
systematically prepare binary, ternary, or quaternary carbides
using this method is potentially important as the mixed metal
carbides are better catalysts than the single component
carbides.10,24,86 When coupled to the fact that synthesis of
PBA precursors in water is sustainable and the carbide
formation is facile, it is reasonable to expect that a wide
range of carbide-based catalysts could be formed and studies
using the developed PBA to carbide route are underway for a
wide range of catalysts systems, including electrocatalytic water
splitting, CO2 reduction, and Fischer−Tropsch process.

■ EXPERIMENTAL SECTION
Iron Prussian blue was commercially sourced (Acros Organics). The
PBAs were prepared using commercial reagents potassium
hexacyanocobaltate(III) (K3Co(CN)6, Sigma-Aldrich, >97.0%),
potassium tetracyanonickelate(II) hydrate (Alfa Aesar), cobalt(II)
chloride hexahydrate (CoCl2·6H2O, Alfa Aesar 99.9%), nickel(II)
chloride hexahydrate (Fisher Scientific, > 99%), and potassium
chloride (Sigma, 98%). Solvents used in the synthesis were nanopure
water (Barnstead NANOpure), methanol (BDH, ACS grade), toluene
(Macron, ACS grade), acetone (Macron, ACS Grade), octadecyl-
amine (Acros, 90%), Nafion (BeanTown Chemical), 1 M potassium
hydroxide (Millipore Sigma). Biobeads sx-2 resin (Bio-Rad).
Caution! Transition metal cyanides may produce HCN in the
presence of acid or if heated as a dry powder.

Synthesis of a M-PBA (K[CoCo(CN)6]·xH2O; Ni[Ni(CN)4]). M-
PBAs were prepared following literature precedence procedure using a
coprecipitation reaction at room temperature.43 Briefly, the Co-PBA is
synthesized by coprecipitation at room temperature. Aqueous 20 mM
K3Co(CN)6 solution (50 mL) and 50 mL of aqueous 0.1 M KCl were
mixed together for 10 min. Aqueous 5 mM CoCl2·6H2O (200 mL)
was added dropwise at a rate of 5 mL/min. Upon completion of the
injection, the reaction was matured for 18 h, and the resulting product
was isolated via acetone-assisted centrifugation. Particles were then
resuspended in acetone and allowed to dry overnight.

The Ni-PBA is synthesized using a coprecipitation method at room
temperature. The aqueous 20 mM K2Ni(CN)4 solution (50 mL) and
50 mL of aqueous 0.1 M KCl were mixed together for 10 min.
Aqueous 5 mM NiCl2·6H2O (200 mL) was added dropwise at a rate
of 5 mL/min. Upon completion of the injection, the reaction was
matured for 18 h, and the resulting product was isolated via acetone-
assisted centrifugation. Particles were then resuspended in acetone
and allowed to dry overnight.

Thermal Conversion of a M-PBA to MxC. The conversion of M-
PBA (M = Fe, Co, Ni) to MxC was carried out in 4 mL of
octadecylamine containing 0.04 g of M-PBA. Scaleup reactions were
accomplished using the same procedure by 0.05 g, 0.25, 2.5 g of Fe-
PB in 10 g, 30 g, 300 g of octadecylamine, respectively.

The solution was heated to 50 °C under vacuum for 1 h to remove
O2. The reaction vessel was charged with N2, heated at reflux (350 °C
at a rate of 20 °C /min) for 1 h, and rapidly cooled to room
temperature by forced air. The nanocarbides were precipitated by the
addition of 3:1 v:v toluene−methanol as a cosolvent, isolated via
centrifugation, and washed three times with toluene and methanol
(3:1 v:v). The particles were dried overnight by vacuum and stored
under N2 (g).
Caution! Transition metal cyanides may produce HCN in the

presence of acid or if heated as dry powder. Prussian blue and its
analogues can produce free cyanide when heated. Although no
evidence of free cyanide is observed in the solution following
solvothermal conversion of the PB and PBA to metal carbide (as
tested below), all experiments should be performed in a properly
ventilated reaction environment to reduce risk of exposure to free
cyanide.

Testing for Free Cyanide. The solution following conversion to
the MxC was tested for free cyanide using a cyanide testing kit
(Quantofix Cyanid, Macherey-Nagel). The isolated nanocrystals were
sonicated in nanopure H2O to solvate the potential anion and mixed
with two proprietary buffer solutions. The resulting liquid was
dropped onto a colormetric test strip and rested for 30 s before the
test strip was compared to a cyanide concentration chart. No free
cyanide was detected in the solution.

Physical Measurements. X-ray powder patterns were collected
at room temperature on a Rigaku Miniflex powder diffractometer (Cu
Kα source). pXRD measurements on XPS sputtered samples were
performed on a Rigaku Synergy single crystal diffractometer running
in powder diffraction mode (Mo Kα).

X-ray photoelectron spectroscopy (XPS) was performed on MxC
powders deposited on carbon tape using a PHI 5100 X-ray
photoelectron spectrometer. XPS has an excitation source of Mg

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c01713
Inorg. Chem. 2022, 61, 13836−13845

13841

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01713/suppl_file/ic2c01713_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01713/suppl_file/ic2c01713_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01713/suppl_file/ic2c01713_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01713/suppl_file/ic2c01713_si_002.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Kα, with a pass energy of 22.36 eV to minimize linewidth. Samples
were Ar+-sputtered with a puck rotation of two revolutions per minute
using a sputtering gun at 5 keV and 1 μA for five minutes. All samples
were calibrated to the aliphatic carbon assignment (C1s 284.8 eV).

Size, size dispersity, morphology, and lattice fringe analysis were
conducted by TEM. TEM images were collected on a Tecnai Osiris
TEM/STEM operating at 200 kV. High-resolution microstructure
characterization was performed using an aberration-corrected JEOL
ARM 200 F TEM operated at 200 kV. The MxC sample for TEM was
prepared by dispersing the MxC in toluene and octadecylamine (10:1
v:v), heated in an oil bath at 50 °C for 12 h, sonicated in a heated
bath for 2 min, and ran through a gel permeation chromatography
column to remove excess ligand and aggregated solid.51 The solution
was drop-cast onto a carbon-coated 200 mesh gold TEM grids (Ted
Pella 01840G), excess solvent wicked away with a Kimwipe 2 s after
deposition, and dried in a vacuum oven at 80 °C for 12 h.

Electrochemical Setup and Measurements. Pure-phase Fe3C,
Co2C, and Ni3C nanoparticles (0.7 mg mL−1) were prepared in a
suspension of 10% Nafion solution (5% (w/w) in water/1-propanol,
6% ethanol, and 84% nanopure water. Nanoparticle suspensions were
sonicated for 2−5 min until well-dispersed. The suspension was drop-
cast onto a 5 mm diameter PTFE-embedded glassy carbon (GC)
rotating disk electrode (RDE) (Pine Research Instrumentation) that
had been polished in 0.05 μm alumina suspension on a microcloth
polishing pad (Buehler) for 1 min, followed by di H2O on a
microcloth polishing pad for 1 min. The drop-casted nanoparticle
suspension dried as a homogenous, thin-layer film on the GCE surface
at room temperature for 1−2 h, with each sample having a consistent
mass loading of nanoparticles of 0.1 mg cm−2. Electrochemical
measurements were performed in an electrochemical glass cell (Pine
Research Instrumentation) using a three-electrode set up with a GC
working electrode, a Ag/AgCl reference electrode, and a graphite rod
counter electrode. The working electrode was rotated at 1500 rpm
using a PINE rotator (WaveVortex 10, Pine Research Instrumenta-
tion) connected to a potentiostat (model CH 660E, CH Instru-
ments). The ECSA of each sample was estimated from electro-
chemical double layer capacitance (Cdl) using CV in a potential
window of 0.8−0.95 V vs RHE with chosen scan rates of 10, 20, 50,
and 100 mV s−1. The ECSA was calculated using the extracted value
of Cdl and the specific capacitance (Cs) of glassy carbon from the
literature (45 μF cm−2)87,88 using ECSA = Cdl/Cs. Electrochemical
OER measurements were performed in alkaline conditions in 1 M
KOH electrolyte using a potential range of 1.0−1.8 V vs the reversible
hydrogen electrode (RHE), using CV with a scan rate of 10 mV s−1.
Preliminary electrochemical HER measurements were assessed in
acidic conditions using 0.5 M H2SO4 electrolyte within a potential
range of 0.0 to −0.6 V vs RHE and alkaline conditions within a
potential range of 0.0 to −0.8 V. The stability of electroactivity toward
the OER was monitored using repetitive CVs (n = 100), in 1.0 M
KOH between 1.0 and 1.8 V vs RHE, for a 4.5 h duration. Samples
prepared for post-OER analysis were dropcasted onto a glassy carbon
wafer with an estimated mass loading of 0.8 mg cm−2 and ran for 20
CV cycles. The potentials in this work were converted from being
against the Ag/AgCl reference electrode to the RHE using Evs. RHE =
EvsAg/AgCl + 0.059(pH) + E°vsAg/AgCl. Additionally, the reference used
experimentally was always within 5 mV difference of a master Ag/
AgCl reference, not used in experiments. The overpotential (η) for
the OER was determined using η = Evs. RHE − 1.23 V. The
overpotential at a current density of 10 mA cm−2, normalized to
the geometry and ECSA, was extracted from each voltammogram and
rounded to the nearest 10 mV.
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