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Abstract

Tungsten carbides are possible low-cost replacements for noble metal catalysts, but the role of
different carbide stoichiometries (W-C, WC) and their polymorphs for catalytic behavior is poorly
understood. We develop a “dynamic, isothermal” carburization of WO3 in a mixture of CH4 and H;
to control phase composition and catalytic properties. A design-of-experiments approach reveals
that the key parameters are synthesis temperature (670 to 775 °C) and addition of silica as
stabilizer (0 or 70 mol%). X-ray diffraction shows that the composition can be adjusted from 14 to
99 wt.% W>C, complemented by WC and a small fraction of W metal. Crystalline domain sizes for
W,C are smaller than those of WC (=10 nm), affording thermodynamic stabilization of W-C in
agreement with computational predictions (Shrestha et al., Chem. Mater. 2021, 33, 4606-4620).
The amount of CO adsorbed scales with W>C content, and so does the performance in

butyraldehyde or toluene hydrogenation.
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1. Introduction

The catalytic properties of Group 6 carbides were first reported 50 years ago [1], and the
discovery of the platinum-like catalytic behavior of tungsten carbide by Levy and Boudart [2] led
to the inception of the field of catalysis by transition metal carbides. The main advantage, then
and today, is the material cost for tungsten, which is almost three orders of magnitude lower than

for platinum [3].

Tungsten carbide was found to be active in hydrogenation reactions [2], hydrocarbon
isomerization [2], hydrogenolysis [4,5], and methanol conversion [6]. Of recent interest is the ability
of tungsten carbide to catalyze a number of reactions that aim to increase sustainability or provide
efficient energy conversion. Upgrading of biomass has become a focus of carbide catalyst
research. Hollak et al. [7] performed deoxygenation reactions of oleic acid on tungsten carbide
catalysts, while Bitter and co-workers selectively deoxygenated several fatty acids [8—10] and
guaiacol [11]. In addition Ren et al. [12] investigated the hydrodeoxygenation of short-chained
aldehydes. Tungsten carbide is applied in the production of ethylene glycol from cellulose [13] and
from sugars [14], and it has been used in the cracking of C—O bonds in lignin feedstock [15].
Together with nickel, tungsten carbide has been used for the ring opening of furfural [16]. Besides
hydrogenation reactions, the material has attracted much attention as an electrocatalyst for the
hydrogen evolution reaction, either as a support for platinum [17] or on its own [18,19]. In medium-

temperature electrolysis, it can even rival the catalytic activity of platinum [20,21].

A pre-requisite for the economic use of tungsten carbide as catalyst is the preparation of
materials with high surface area, which precludes the use of metallurgical methods. Added
complexities are the existence of different tungsten carbide stoichiometries and phases, namely
tungsten monocarbide (WC) and tungsten semicarbide (W-C) with associated polymorphs, and

the possible passivation of the surface by contaminants.

The goal of high surface area has been achieved by temperature-programmed carburizations,
which initially started from tungsten nitride [22] and then from tungsten oxide [23]. The precursor
is heated to a high temperature (700 °C — 900 °C) in a gas mixture of a carbon source (e.g.,
methane, ethane, ethene) and hydrogen [24,25]. If an oxide precursor is used, it is reduced, and
carbon is inserted in several steps, forming a mixture of W,C and WC. The properties of the

produced tungsten carbide are highly dependent on the synthesis parameters [24,26].

There are several polymorphs of each of the two stoichiometries, WC and W-C, with different
stabilities. Unfortunately, there is confusion with the naming of these polymorphs, and the

commonly made distinction by Greek letters is inconsistent. For a bulk material (thus not
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considering contributions of surface energy), WC (P6m2, hP2, WC type), often called §-WC, is the
thermodynamically favored phase below 1250 °C [27]. At higher temperatures, several W>C
phases become stable, labeled as a, B, y or alternatively as B”, B’, B; these phases have the same

tungsten sublattice and are difficult to distinguish by X-ray diffraction.

During carburizations starting from oxides, phases with lower carbon content may be formed
first, but these metastable, intermediate products are readily converted to WC in the presence of
carbon [28]. Carbon chemical potential is obviously a factor in adjusting the carbide stoichiometry.
During the synthesis with gaseous sources, amorphous carbon may be continuously deposited
on the surface of the catalyst. This abundance of carbon gives little control over the tungsten
carbide phase composition and easily results in the formation of the thermodynamically favored
WC. Additionally, the deposited carbon can block the catalyst surface and has to be removed by

a hydrogen treatment before catalysis [23,29].

The difficult synthesis of W»C results in fewer investigations using this carbide phase, especially
in the absence of a carbon support [30,31]. In a similar manner, the majority of theoretical works
focus on WC while only a few include W-C [32,33]. Although tungsten carbide catalysts have been
under investigation for several decades and materials of both stoichiometries have been found
catalytically active for hydrogenation reactions, the intrinsic activity of different carbide phases has
not yet been resolved. In part, this lack of knowledge can be attributed to the difficulty to synthesize

phase-pure materials.

A different synthesis approach has been developed to give better control of the carbide phase
composition and avoid coking of the catalyst during synthesis. The use of a solid carbon support
as carbon source slows down the carbon diffusion rate across the solid-solid interface and in turn,
the carburization rate is limited. This method has been successfully employed over a range of
carbon supports, from activated carbon [34] over carbon nanofibers [8] and multi-walled carbon
nanotubes [31] to carbon spheres [35,36] as well as melamine [37] as organic precursor. Limiting
the mobility and availability of carbon by binding it in a solid carbon matrix allows for the
preparation of nanostructured and phase pure W;C. The carbide synthesis still has to be managed
carefully, as too low of a reaction temperature will result solely in the reduction of the tungsten
precursor and the formation of metallic tungsten, while too high of a temperature will result in over-

carburization and the formation of WC.

The use of a solid carbon source is not the only possible way to control the tungsten carbide
phase composition. An alternative approach is the use of non-reducible oxides. Only few works

are available on the effect of this type of oxide support on the carbide synthesis. Hunt et al. [38,39]
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published the use of silica as a template to prepare small W«C-nanoparticles. Hu et al. loaded
tungsten oxide in the channels of silica SBA-15 by impregnation [40] as well as by a hydrothermal
method [41] and successfully synthesized the carbide. Alvarez et al. [42] investigated the influence
of aluminum addition in SBA-15 on tungsten carbide dispersion. Liu et al. [43] prepared tungsten
oxide precursors on silica by an atomic layer deposition method and converted the tungsten oxide
to tungsten carbide. In all cases, the metastable W,C-phase was stabilized on the silica support
for low tungsten loadings. This preference to W,C was thought to result from different carbide

formation processes dependent on the structure of the WO,-sites in the precursor [41].

An alternative explanation for the stabilizing effect of a support is the high surface area imparted
to the tungsten carbide. Stabilization of metastable phases for high surface area materials is well
known for alumina, titania, and zirconia [44—46] and occurs at small crystal sizes, when a low
surface energy renders particles of a high-bulk-energy phase thermodynamically more favorable
relative to phases with a low bulk but high surface energy. Very recently, it has been proposed
that this effect can alter the stability ranking of Group 6 carbide phases [33], but experimental

evidence is scant.

The goals of the present investigation are (i) to first develop a synthesis method that allows
control of the tungsten carbide phase composition, (ii) to characterize the materials and
understand stability regimes of the different phases, and (iii) to identify structure-activity

relationships in hydrogenation reactions.

To promote the formation of metastable W>C during synthesis, we build on the reported effect
of silica stabilizing this phase. A disadvantage of the typically employed temperature-programmed
synthesis is that tungsten oxide reduction already starts before carbon insertion begins [24,25]
and may progress to the metal for small precursor particles [47]. This pre-reduction possibly
impedes the formation of a phase-pure tungsten carbide. Additionally, reports suggest that a
higher surface area can be reached when the pre-reduction is prevented [48]. We present a new
tungsten carbide synthesis method, in which the tungsten oxide is exposed to the reactive gas
under isothermal conditions at the desired synthesis temperature. For this new method, the
influence and interplay of synthesis temperature, synthesis time, precursor amount, use of silica
as stabilizer and gas flow rate are examined. The parameters are varied in a design of experiments
(DOE) two level fractional factorial plan [49]. This method maximizes the amount of useful
information and verifies the statistical significance of the results. We demonstrate the robustness

of the findings by transferring the synthesis to a different apparatus.



The catalysts are tested for their activity in two hydrogenation reactions, the conversion of
butyraldehyde to butanol and the conversion of toluene to methylcyclohexane. Aromatic ring
hydrogenations are structure sensitive on noble metals [50,51] and have the potential to provide

additional insight about the catalytic behavior of different carbide surfaces.

2. Experimental Section
2.1. Materials

Chemicals were obtained from Sigma—Aldrich and used without further purification. The purity
of chemicals are as follows - tungsten(VI) oxide > 99.8%, ammonium metatungstate hydrate 99%,
butyraldehyde 99%, ethanol 99.5%, n-dodecane 99%, toluene 99.8%, methylcyclohexane 99%.
Fumed silica Aerosil 200 was supplied by Evonik. Gases were bought from Westfalen Germany
with a purity 299.999% (Ar, Hz) or 299.5% (CH.) or from Airgas USA LLC classified as ultrahigh
purity (H2, Ar), research grade (CH.), or grade 5.0 (CO). Argon was used as the inert gas in all

experiments unless mentioned otherwise.
2.2. Silica-stabilized tungsten oxide

Silica (Aerosil 200, pyrogenic silica) was agglomerated, sieved to a particle size of 100 — 300
pum, dried at 200 °C for 1 h and calcined at 700 °C for 8 h. The agglomerated silica particles (BET
surface area 217 m?/g) were loaded with 30 mol-% (49.4 wt.-%) tungsten in an incipient wetness
impregnation method using a 0.55 M aqueous solution of ammonium metatungstate. This material
was dried for 2 h at 60 °C, for 6 h at 110 °C and calcined at 450 °C for 6 h.

2.3. Tungsten carbide synthesis

Catalyst syntheses were performed in two different apparatus and with varying protocols. The
apparatus used to optimize conditions via DOE and produce the samples for butyraldehyde
hydrogenation was a horizontal tube furnace. Between 0.6 and 1.4 g of tungsten(VI) oxide
precursor, either bulk or silica modified and thus corresponding to between 2.59 and 3.88 mmol
tungsten, was loaded in a ceramic boat and placed in the isothermal zone of the furnace. In the
temperature-programmed synthesis the sample was heated under reactive gas (20 % CHs in Ho,
with a velocity of the gas stream of 24.11 mm/s) whereas in the isothermal synthesis it was heated
under an inert gas flow before switching to reactive gas at the final synthesis temperature. The
exhaust gas stream was monitored using a ThermoStar mass spectrometer by Pfeiffer Vacuum.
The reduction was determined to be complete once the CO concentration dropped close to its
original value. In some cases, the reaction was allowed to continue for additional 25% of this
reduction time. Afterwards, the catalyst was treated at synthesis temperature with pure H; to
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remove any excess polymeric carbon from its surface. The material was then cooled down under

inert atmosphere and transferred to a glove box.

A fractional factorial 25" design with the gas flow inserted as E=ABCD was used. These
samples are referred to as “DOE Set” in this paper. The factors and their levels are listed in Table
1, the complete experimental plan is listed in Table S1. An additional center point to confirm
linearity inside the parameter range was performed for the silica-stabilized precursor. The
response factors were the reduction time, measured by CO evolution during the synthesis; BET
surface area and pore volume; W, W>C and WC content in the catalyst and 1-butanol formation
rate as indication of catalytic activity. Evaluation of the experimental results was done in Design
Expert 9 by Stat-Ease.

Table 1: Factors investigated in the DOE with their respective levels

Factor low level high level center point

Synthesis temperature (°C) 700 750 725 A
Prolonged synthesis time (%) 0 25 12.5 B
Amount of tungsten(VI) oxide (mmol) 2.59 3.88 3.24 C
Silica stabilizer No Yes Yes D
Gas flow rate reactive gas (mL/min) 100 200 150 E=ABCD

After obtaining the results from DOE, a set of four conditions was chosen, and additional
syntheses were carried out in a vertical stainless-steel reactor (SS 316) with an outer diameter of
0.25in and an inner diameter of 0.18 in, heated by a tubular furnace. These materials were made
from the same precursors as those of the DOE Set, but the scale of the synthesis was one order
of magnitude smaller, and the synthesis time was fixed. These carbides are identified as “Set II”.
Between 30 and 50 mg of precursor material was held in place by quartz wool and a 0.125 in
stainless-steel support tube, and the temperature was adjusted with an Omega CN-444 controller
connected to a thermocouple on the inside of the furnace wall. The reactor was heated to the
desired temperature, 700 °C or 750 °C, at a rate of 10 K/min while the sample was in a flow of
argon (70 ml/min). At synthesis temperature, the flow was switched to 38 ml/min flow of a 1:4
mixture of methane and H.. After a synthesis time of 28 min, first methane was switched off, 2 min
later H2 was switched off, and then the sample was cooled in an argon flow. The effluent gas was
analyzed by a Pfeiffer Vacuum OmniStar GSD 320 mass spectrometer, and amounts of carbon
monoxide and water formed were quantified with the help of calibrations. The obtained carbides
were further analyzed by CO adsorption or tested for toluene hydrogenation activity in the same

reactor, that is, without exposure to the ambient.



2.4. Catalyst characterization

Tungsten and tungsten carbide crystal phase ratios of samples from DOE conditions were
examined using an Empyrean X-ray diffractometer by Malvern Panalytical operating with Cu Ka
radiation. Samples were measured after passivation in air in reflection geometry in the range from
5 — 70 °26. Whole-powder-pattern-fitting was performed using the software HighScore Plus by
PANalytical, including a background correction. More details are listed in the supporting
information. X-ray diffraction measurements of the four materials synthesized for toluene
hydrogenation were performed with a Rigaku Smartlab SE X-ray Diffraction System equipped with
a Cu Ka anode X-ray source. The samples were measured in Bragg Brentano geometry with a
scanning rate of 2 °/min and a step size of 0.02°. A zero-background sample holder was used to
mount the sample. Whole powder pattern fitting was employed to fit the measured diffractograms
using PowderCell software. Crystallite size analysis was performed using the Williamson-Hall

method analysis provided in PowderCell.

Optical microscopy was done on a digital microscope VHX-500 by Keyence. The microscope
was equipped with a digital auto focus and automatic real time depth composition. Images were

taken with illumination from above the sample (top light).

Scanning electron microscopy of selected samples was performed with a FEI Magellan 400
XHR instrument that was equipped with a field emission gun and operated at an electron energy
of 5 kV.

Surface area and pore volume were determined using a Quantachrome NovaTouch LX* with
N2 at -196 °C. BET method was used for the surface area and BJH for the pore volume. The
samples were degassed in vacuo at 350 °C for 4 h. Used gases were He (99.999 %) and
N2 (99.999 %).

CO pulse chemisorption on the DOE samples was measured in a setup equipped with an
OmniStar GSD 301 O mass spectrometer by Pfeiffer Vacuum. The setup is described in detail in
a previous publication [52]. The used gases were He (99.9999 %), H2 (99.9999 %) and 1.00 %
CO (99.0 %) in He (99.996 %) from Westfalen Germany. Samples corresponding to 0.3 mmol W
were transferred to the test reactor under exclusion of air. The samples were treated at 350 °C
with hydrogen for 120 min and helium for 60 min before measurement. The sample loop volume
corresponded to 0.388 umol CO. Alternatively, CO chemisorption was conducted immediately
after synthesis in the stainless-steel reactor. The adsorption temperature was 30 °C or 40 °C, and

the pulsed amount was 0.263 umol CO.



Raman spectra were measured on an inVia Reflex Raman System by Renishaw, combined
with an optical light microscope Leica DM2700M (Magnification x5, x20, x50) from Leica
Microsysteme Vertrieb GmbH. The laser was a 532 nm laser RL532C with an intensity setting of
0.3 mW on the sample. Samples were packed and sealed under argon atmosphere in glass
capillaries with a wall thickness of 0.01 mm and an inner diameter of 0.5 mm provided by WJM-
Glas.

2.5. Catalytic tests

Catalytic butyraldehyde hydrogenations were performed in a 300 mL Parr mini reactor. An
excess of reactant was used to produce a constant product formation rate over the first few hours.
The reaction mixture consisted of 10 mL butyraldehyde, 100 mL ethanol and 1.5 mL of the internal
standard n-dodecane. The reaction mixture was flushed with Ar before inert addition of 0.25 g
catalyst (aldehyde-to-tungsten molar ratio for bulk catalysts of 84 and for SiO;-stabilized catalysts
of 143). The reactor was closed and pressurized with H, to 65 bar. The reactor was heated to 200
°C before stirring was turned on. Intermediate sampling of the liquid phase through a dip tube was
performed at the start of the reaction and after 15, 30, 45, 60, 90, 120, 180 and 240 min (Figure
S1). The catalytic activity was determined by the increase of 1-butanol concentration in samples
from 15 min to 180 min, and results were normalized to the amount of tungsten in the reactor.
Samples were analyzed using an Agilent 6980 gas chromatograph from Hewlett Packard
equipped with an automated injector and FID. Samples were analyzed over a HP-1 MS column
with the following temperature-program - holding at 50 °C for 3 min, heating to 140 °C with
20 K/min and further heating to 270 °C with 30 K/min. Retention times and response factors

relative to the internal standard were determined using pure substances.

Toluene hydrogenation was conducted in the stainless-steel reactor described in Section 2.3
at a reaction temperature of 250 °C. Liquid toluene was fed to the reactor by a Legato 011 SS
continuous injection syringe pump at a rate of 0.15 ml liquid/h. The reactor was pressurized with
H> to 20 bar gauge for the catalytic test reaction, and Hz flow was maintained at 75 ml/min (STP),
corresponding to Ha:toluene molar ratio of 142:1. The reaction products were analyzed with a
Varian CP3800 gas chromatograph, equipped with a CP-Silica PLOT column of 60 m length and
a flame ionization detector. Retention times and response factors were determined by calibration
with pure compounds. The sole product of toluene conversion at a reaction temperature of 250 °C
was methylcyclohexane. Conversions varied between 37 and 95% and cannot be considered to
be differential. However, specific rates were invariant to toluene conversion, consistent with a
zero-order reaction, as has been found for toluene hydrogenation on noble metals and on

molybdenum carbide [50,53]. Carbon balances mostly closed within £10% and did not exceed
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115% mismatch. Reported rates are averages from the period of 1 to 3 h on stream, when the

catalyst performance was nearly stable.

3. Results and Discussion

3.1. Comparison of temperature-programmed and isothermal tungsten carbide

synthesis
3.1.1. Principal carburization process

Tungsten carbide synthesis by carburization of a high-oxidation-state precursor proceeds over
several reduction and carbon insertion steps. The typically observed products for this process
include bulk solid phases W, W»>C, and WC and volatile products H,O and CO, as illustrated in
Scheme 1. In addition, carbon may be deposited on the solids. It is important to note that reduction
is connected to CO and H.O formation while carbide formation is not unambiguously tied to gas
phase products even though the hydrogen atoms from methane must evolve in some form. The
observation of CO however is an indicator of a surface capable of activating methane, and has

previously been linked to carburization [54].

CHs, H,  CO, H,0

Wo3u>w+wzc+wc

AT

Scheme 1: Conversion of tungsten trioxide to metallic tungsten and tungsten carbides through reaction with a CH4/H>-
mixture. Carbon monoxide and water are volatile products of the reaction.

To steer this process and obtain the desired phase, the relative rates of reduction, carbon
source activation and carbon incorporation must be correctly balanced and excess carbon
deposition must be avoided. The parameter space is immense, and we start here by highlighting
the differences between a typical classical temperature-programmed synthesis of tungsten
carbide and an isothermal synthesis. The structural and catalytic properties of the obtained
materials indicate that the isothermal synthesis has merit and deserves further investigation, as

does the addition of silica as stabilizer.

The transformation of the precursor to the tungsten carbide catalyst proceeds differently for
temperature-programmed synthesis (TPS) and for isothermal synthesis, as can be seen in Figure
1. In the TPS, the tungsten oxide precursor is heated in the reactive gas mixture (20% CHa in Hz)
from RT to the synthesis temperature of 700 °C. During this heating process, two water release

events are detected in the effluent gas stream, suggesting extensive reduction prior to activation
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of the carbon source. The onset of the first is at 350 °C and the second starts at 500 °C. The CO

formation only begins shortly before the final synthesis temperature is reached and the reduction
proceeds at 700 °C.

In the isothermal synthesis, the precursor is heated under inert gas and only exposed to the
reactive gas after reaching the synthesis temperature. Contact to the reactive gas immediately
leads to the formation of water, while CO is only detected after an initiation period. In comparison
to TPS, a longer holding time at the synthesis temperature of 700 °C is needed before H.O and

CO evolution cease and the reduction-carburization process can be considered complete.
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Figure 1: Comparison of gas evolution during tungsten carbide synthesis. Top, temperature-programmed synthesis
with reactive gas mixture CH4 + H2 present from beginning of heating ramp; bottom, isothermal synthesis, reactive gas
mixture CH4 + H2 introduced upon reaching the holding temperature. Shown are the MS traces of the main products,
H20 (m/z=18) and CO (m/z=28). Silica-stabilized tungsten oxide precursor, heating rate 5 K/min, holding temperature
700 °C.

3.1.2. Synthesis method and phase composition

The carbide catalysts obtained at the synthesis conditions in Figure 1 are composed of a
mixture of metallic tungsten, tungsten semicarbide (W.C) and tungsten monocarbide (WC). The
TPS results in a mixture of all three phases with a preference to W,C and metallic tungsten. The
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isothermal synthesis on the other hand results in mostly W>C with only a small amount of W, while
litle WC can be detected. Both diffractograms are depicted in Figure 2. Preventing the pre-
reduction improves the phase purity and favors W,C formation. The addition of silica further

increases the W2C content and reduces the metal content.

Relative intensity

TPS W,C/SiO, ,/Jk\\ A ’\ N\ A

Isothermal W,C/SiO,

Isothermal W,C et \ Y . A seessostt|
W-- E E '
WyC — S | :
we- o N B B
10 20 30 40 50 60 70
2 Theta/°®

Figure 2: X-ray diffractograms of tungsten carbide catalysts. Two silica-stabilized catalysts, prepared in a temperature-
programmed synthesis (blue) and under isothermal conditions at 700 °C (orange, DOE-15) and one bulk catalyst
prepared under isothermal conditions at 700 °C (green, DOE-7). Data shifted along y-axis. The exact phase
composition is determined by whole-powder-pattern-fitting (supporting information). Reference patterns from ICDD
database (W: 00-001-1203, W2C: 00-035-0776, WC: 01-089-2727) [65-57].

3.1.3. Effect of synthesis method on catalytic activity

The W, C-catalysts, prepared according to the two different routes, are active for catalytic
hydrogenation of butyraldehyde, in a liquid-phase batch process. Over the first 180 min of reaction
time, the hydrogenation proceeds with a constant rate of formation of the reaction product
1-butanol as shown in Figure 3. The selectivity towards 1-butanol is approx. 80 % for all catalysts,
with deoxygenation as the major side reaction resulting in the formation of butane and butene [12].
The alkane and alkene are gaseous at standard pressure and room temperature and can therefore
not be quantified in the liquid aliquot. An exemplary reaction progress including reactant and

product concentration is depicted in Figure S1.
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The isothermal carbide synthesis results in a catalyst with a more than two-fold increase of the
1-butanol formation rate per mol tungsten from 12.00 h™' to 26.31 h™'. The cause of this increase
in catalytic activity, which might be the result of more active sites or a larger number of sites, will
be elucidated in Section 3.4. The isothermal carbide synthesis prevents pre-reduction and results
in more active hydrogenation catalysts. To optimize this method, the importance of different

synthesis parameters will be established in the next section by using design of experiments.
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Figure 3: 1-Butanol formation normalized to the tungsten content for a silica-stabilized tungsten carbide catalyst
prepared in a temperature-programmed synthesis (squares) or under isothermal conditions at 700 °C (circles).
Catalytic tests are performed at 200 °C, 65 bar Hz-pressure and ethanol as solvent with 0.25 g of catalyst and 8.10 g
of butyraldehyde, corresponding to an aldehyde-to-tungsten molar ratio of 143.

3.2. Synthesis parameter investigation in a Design of Experiments approach
3.2.1. Rationale for variable and constant synthesis parameters

In a design of experiments (DOE) approach, parameters (factors) are varied in a specific way
that allows conclusions to be drawn regarding their importance and interactions, while at the same
time verifying the statistical significance of the findings [49]. DOE has not been applied to carbide
synthesis before, and establishing which synthesis parameters have a significant influence on the
carbide formation and on the produced catalyst is valuable in understanding and optimizing the
isothermal carbide synthesis. At the same time, understanding which parameters do not play a
significant role is just as valuable. Based on literature, preliminary results, and some additional
considerations, we select the synthesis parameters to be varied within the DOE approach and

those to be kept constant.
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The presence or absence of a silica stabilizer is one variable of interest, based on the literature
mentioned in the introduction and the XRD results in Figure 2. The tungsten content in stabilized
materials was held constant at 30 mol%. Solid-state diffusion is a rate-limiting process during the
synthesis, making temperature an obvious variable; in turn, precursor particle size was not varied.
The partial pressure of methane was kept constant, corresponding to a concentration of 20% at
atmospheric pressure. Assessing completion of the synthesis while preventing carbon deposition
is difficult without in situ product characterization. A first assumption would be that carbide
synthesis is completed once the reduction is finished and the CO concentration in the effluent gas
stream returns to its original value. Using this dynamic method to determine the synthesis time
ensures that the reduction of the tungsten(VI) precursor is complete while at the same time
exposure to the reactive gas is limited and over-carburization and excessive coke formation is
prevented. However, to verify the underlying assumption of a complete carburization, a 25%
extended synthesis time was included in the parameter space. We also varied the space velocity

to test whether the results are confounded by heat and external transport limitations.

The experimental plan is a fractional factorial 2% design with the reactive gas flow rate inserted
as the product of the other four parameters. This insertion of the additional parameter cuts the
number of experiments needed from 32 to 16 with only minimal loss of information. The
experimental plan and the corresponding analyses are listed in Tables S1-S3 of the supporting

information.

The response factors and their values are given in Table 2. Figure 4 compiles the importance
of relevant parameters on the respective response factor, normalized to the most influential
parameter, for all cases where more than one parameter is relevant. The chance for any of these

results to occur randomly is only 0.01%.

The reduction time is primarily dependent on temperature and gas flow, whereas both W,C
content and catalytic activity are strongly influenced by synthesis temperature and the presence

or absence of silica stabilizer.
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Table 2: Crystalline phase composition with goodness of fit for the whole-powder-pattern-fitting, 1-butanol formation rate normalized on amount of tungsten in catalysis
test, BET surface area and pore volume for isothermal carbide synthesis (DOE Set of samples)

Entry* Synth. Synth. n(WO;) Stabilizer Reduction w W.C WC  Goodness 1-Butanol BET Pore
temp. Time* time of fit formation rate surface volume
(°C) (%) mmol - (min) (wt.-%) (wt.-%) (wt.-%) - (h) (f.:zg) (cm3/g)

1 700 0 2.59 Bulk 78 295 65.7 4.8 1.20 19.27 16.84  0.031

2 750 0 2.59 Bulk 70 5.7 15.3 79.0 2.04 5.61 2242  0.053

3 700 25 2.59 Bulk 110 21.0 224 56.6 1.63 8.13 14.53  0.042

4 750 25 2.59 Bulk 39 9.1 13.5 77.4 1.82 6.07 19.28 0.058

5 700 0 3.88 Bulk 152 18.1 40.5 414 1.17 9.52 2157  0.058

6 750 0 3.88 Bulk 62 7.8 14.5 77.7 8.23 6.07 20.97  0.061

7 700 25 3.88 Bulk 82 17.0 70.0 13.0 1.38 15.59 2224  0.047

8 750 25 3.88 Bulk 86 4.5 13.9 81.6 2.48 5.43 14.05  0.041

9 700 0 2.59 SiO2 107 21.7 74.3 4.0 1.43 20.91 110.27 0.585

10 750 0 2.59 SiO2 36 21.6 54.2 241 1.36 16.30 60.75  0.375

11 700 25 2.59 SiO2 60 20.3 79.1 0.7 1.57 22.55 93.87 0.562

12 750 25 2.59 SiO2 56 2.8 48.6 48.6 1.84 19.09 102.73  0.622

13 700 0 3.88 SiO2 80 257 74.0 0.2 1.63 23.60 90.85 0.480

14 750 0 3.88 SiO2 76 5.0 63.7 31.3 1.55 19.07 73.09 0.441

15 700 25 3.88 SiO2 134 4.3 91.9 3.8 2.78 26.31 96.84  0.517

16 750 25 3.88 SiO2 48 6.7 51.5 41.8 1.29 17.98 85.23 0.494
Central point | 725 12.5 3.24 SiO2 65 15.5 65.1 19.5 1.63 19.38 - -
Extrapo!ation 775 25 2.59 SiO2 26 10.0 37.5 52.5 1.46 13.25 - -
Ethp?olaCtion 680 50 3.88 SiO2 160 54 94.3 0.3 3.34 26.19 - -
Ext?asp?olaction 670 0 2.59 SiO2 144 26.7 73.3 0.0 11.02 20.11 - -

670 °C

*Exps. 1-8, WO3 only, all other WO3 with SiO:.
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Figure 4: Relative influence of significant parameters and their interactions on reduction time, W2C-content and
catalytic activity in the 1-butanol formation according to results from the DOE.

3.2.2. Reduction time and fate of oxygen

The concentrations of H,O and CO in the effluent gas stream during the isothermal carbide
synthesis are depicted exemplarily in Figure 1. Once the CO-concentration declines to its initial
value, the reduction is assumed complete. The time until complete reduction is, in decreasing
order of impact, dependent on the synthesis temperature, the gas flow rate, the amount of WO3 in
the reactor, an interaction of gas flow rate with the temperature, and the presence of the silica
stabilizer (Figure 4). Prolonging the synthesis time past the reduction time obviously does not have

an influence on the reduction time itself.

The different synthesis parameters influence the reduction time as would be expected: A higher
synthesis temperature and higher gas flow rate decrease the time needed, while using more WOs;
increases it. The influence of the synthesis temperature is more pronounced at low gas flow rates
and less influential at high gas flow rates. This trend indicates that mass transfer plays a role. The
silica support slightly accelerates the reduction, likely because of a smaller precursor crystallite

size or a better accessibility of the tungsten oxide in the dilution medium.

We quantified the amount of CO and H.O formed for a subset of four isothermal syntheses and

found little influence of the synthesis temperature (700 °C or 750 °C) and the nature of the
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precursor (with or without SiO2). Roughly 80% of the oxygen in WO3 was removed in the form of

water, and about 20% in the form of carbon monoxide.
3.2.3. Phase composition

The isothermal carbide synthesis can result in the formation of the crystalline phases metallic
tungsten, W.C, and WC, depending on synthesis conditions. The mass ratios of the two tungsten
carbide phases as determined by XRD are dependent on the synthesis temperature and the use
of the silica stabilizer. Catalysts prepared at 700 °C show more W>C, whereas the higher synthesis
temperature of 750 °C results in more WC. Example X-ray diffractograms are depicted in Figure
2, including one of a bulk and one of a silica-stabilized catalyst. Results for the crystalline phase
composition are determined by whole-powder-pattern-fitting and are listed in Table 2. The entire
set of diffractograms from the DOE approach is shown in Figure S2, together with information on

the data treatment.

The patterns used for fitting were ICDD #00-001-1203 for W, #00-035-0776 for W»C, and #01-
089-2727 for WC. The IUPAC notation of the W,C is (hP3, P3m1) (Cdl, type), it is alternatively
known as B“-W2C or a-W-C. We note here that the measured diffractograms are consistent with
this structure, but not conclusive. A distinction of the four different polymorphs of W>C by powder
XRD is nearly impossible, because the tungsten sublattice is the same in all variants and the X-
ray scattering factor of carbon is small [27,58]. The other options are 3-W2C (L‘3 Type, P6s/mmc,
ICDD #01-077-8464), 3-W2C (¢-Fe2N-Type, Pbcn, ICDD #00-020-1315), and e-W2C (e-Fe2N-Type,
P31m, ICDD #01-076-7103). The diffractograms would only be distinguishable by reflections of
low intensity at low angles [58], and these were not detectable. The stick patterns of these four
phases (generated from the ICDD cards) are shown in Figure S3 to illustrate their similarity. The
IUPAC notation of the used WC is (hP2, P6m2) (WC type); it is also known as 8-WC.

The silica stabilizer drastically increases the amount of W>C, which reaches up to 91.9 wt.-%.
In contrast, the highest W>C-content that could be reached in the absence of silica was 70 %. This
strong stabilizing effect is especially remarkable considering the high tungsten-metal loading of
49.4 wt.-% in the precursor. Usually, in the tungsten carbide synthesis with a gaseous carbon
source the carbon insertion is difficult to control, and the fast carburization preferentially results in

the formation of the thermodynamically favored WC.

The other synthesis parameters do not change the ratio of tungsten carbides in a significant
manner. Interestingly, prolonging the carburization time by 25% of the reduction time does not

noticeably increase the carbon insertion into the tungsten metal, that is, the fraction of WC did not
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increase. It appears that the carbon insertion proceeds substantially slower once the reduction is

completed.
3.2.4. Catalytic activity

The catalytic activity, defined as the product formation rate per tungsten (in moles alcohol per
mol W per time), for isothermally synthesized catalysts is only dependent on the synthesis
temperature and the presence of the silica stabilizer (Figure 4). A lower synthesis temperature
increases the catalytic activity, as does the presence of the silica stabilizer. Gas flow rate, amount
of WOs in the synthesis reactor and prolonging the synthesis time do not change the catalytic

activity, at least not in the investigated parameter range and if complete reduction is guaranteed.

The isothermal synthesis together with the control of the reaction time decouple the catalytic
activity from several synthesis parameters. The gas flow rate influences the time until complete
reduction is reached but does not alter the catalytic performance. Therefore, this parameter can
be set to suit different synthesis setups. Similarly, using more tungsten oxide increases the time
needed for the synthesis, but the inherent properties of the final catalyst remain the same. With
this information, a limited up- or down-scaling can be implemented quite easily, adapting the

amount of prepared catalyst to fit different needs.
3.2.5. Catalyst optimization by extrapolation of the DOE

The results of the DOE allow the prediction of catalytic activity or W>C-content dependent on
synthesis temperature and use of the silica stabilizer. The W,C-content and the activity of the
catalysts behave concurrently, which will be analyzed in more detail in Section 3.4. This linear
model for the synthesis of W,C-catalysts is at first only valid for the originally investigated
temperature range from 700 °C to 750 °C. A central point synthesized at 725 °C fits the value
predicted by the model and confirms its linearity in this range. It is possible to extrapolate the
model outside of the original temperature range to help optimize the catalyst synthesis, although
care has to be taken in choosing suitable conditions. Figure 5 depicts the results of this
extrapolation for the silica-stabilized system. Moving to a higher W,C synthesis temperature of
775 °C is predicted to result in less W.C and a diminished catalytic activity, whereas performing
the synthesis at a lower temperature of 680 °C should yield a catalyst with more W,C and a higher
catalytic activity. Both predictions are confirmed experimentally with an exceptionally high
agreement between experimental and predicted values (Figure 5, diffractograms in Figure S4). At
an even lower synthesis temperature of 670 °C the linear model predicts 100 % W-C and
accordingly the highest possible catalytic activity, but experiments show a drop in catalytic activity.

As can be expected for a linear model its predictive capabilities break down when it is approaching
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its natural boundaries. At such a low synthesis temperature, the carbon insertion does not proceed
sufficiently, more metallic W and less W,C is produced, resulting in a less active catalyst.
Nevertheless, using a DOE approach together with catalyst characterization allows optimizing the

catalytic performance of the tungsten carbide/silica system in a very efficient and goal-oriented

manner.
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Figure 5: Predicted (line) and experimental (%) values for a) W2C-content and b) 1-butanol formation rate for silica-
modified catalysts at different synthesis temperatures.

3.3. Relationship between phase composition and particle size
3.3.1. Hypothesis of relationship between particle size and phase stability

The data in the preceding section indicate a mixture of W>C, WC, and some W, depending on
synthesis conditions. There are several reasons as to why W>C could be observed; kinetics could
allow it to exist as metastable phase, but there are also factors that could render W.C
thermodynamically more favorable than WC. The carburization process from oxide precursors
naturally first results in structures with lower carbon content. Ostwald’s rule calls for crystallization
of less stable prior to more stable phases. Thermodynamically, carbon chemical potential is
important. Further, W-C could be thermodynamically stabilized if the particles were small enough
for the surface energy term to prevail in the overall Gibbs energy of the phase. Literature suggests
that W,C has a surface energy that is 0.5 J/m? lower than that of WC [59]. The difference in the
free energy of formation for the two tungsten carbide phases is 61.3 J/g [60]. Detailed recent work
by Shrestha et al. [33] suggests 3-WC is stable at crystallite sizes > 10 nm while the various
polymorphs of W»C are stable at smaller crystallite sizes. Consequently, crystalline domain size

and morphology constitute important information to possibly discriminate these phenomena.
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3.3.2. Microscopic analysis of carbide particles

One of the two key synthesis parameters affecting phase composition is the presence or
absence of a silica stabilizer. The light microscopy images in Figure 6 show that the commercial
tungsten oxide precursor is coarse crystalline with particles of up to 100 um in size. The
macroscopic size and shape of these particles are maintained during the carburization process.
In contrast, the silica-stabilized precursor is characterized by the smooth silica particles with a
yellow coating, indicative of dispersed WOs3, with the occasional greenish, large WO3 particle. After
carburization, the silica particles are covered with a black material that has a metallic sheen,

consistent with the properties of a transition metal carbide.

a)

100,0pm

Figure 6: Light microscopic images (magnification x500) of a) bulk tungsten oxide, b) bulk tungsten carbide, c) oxide—
silica precursor and d) silica-stabilized tungsten carbide (27 mol% W). The carbides were prepared in an isothermal
synthesis using 3.05 mmol W. The conditions of 100 ml/min flow 20 % CHa4in H2at 700 °C with a synthesis time equal
to the reduction time correspond to those of DOE Set Entries 1,5,9,13 in Table 2. The scale bars correspond to 100
um.
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Scanning electron microscopy (SEM) provides a better perception of the transformation of the
oxide into a carbide. It is well known that the carburization process enhances the surface area,
which for the starting bulk tungsten oxide is usually but a few m?/g. Moreover, the density of the
carbides is more than two times the density of the oxide (17.1 g/cm?® for W»C vs. 7.2 g/cm? for
WOs3), implying a corresponding volume change during the transformation. If the macroscopic
dimensions of the oxide particle are retained, then the particle must become porous. Indeed, the
image in Figure 7a shows a particle with typical original shape of the oxide but highly porous
through subdivision by numerous crevices and tunnels. At larger magnification (Figure 7b), it can
be seen that the material is composed of many small crystallites. Since this sample consists almost
exclusively of W»C according to XRD, the crystal habit of this phase is revealed in the images.
However, only one half of each of the crystals is recognizable because of tight packing, and these
halves appear as pyramids with rhombic faces. Shrestha et al. [33] predicted shapes of different
carbide phases (by Wulff construction), and the crystals in the image have the nearest
resemblance with the expectations for e-W-C. Analysis of a set of four samples (Set Il, with and
without silica, carburized at 700 °C or 750 °C) by SEM was not conclusive with respect to particle
sizes or shapes of the different tungsten phases (W, W.C, WC), as they could not easily be
discriminated in the images for their common metallic nature and difficult-to-measure carbon

content.

Figure 7: Scanning electron microscopy images of tungsten carbide prepared by isothermal synthesis in a flow of 20
% CH4in Hzat a temperature of 700 °C. Samples from Set Il, conditions mirror those of DOE Set Entries 3,4,11,12.

3.3.3. BET surface area and pore volume

Additional, indirect information on the particle size is provided by the N, BET surface. For
materials without silica, the value is useful as there is no concern about passivation layers as with
chemoselective probes. For silica-stabilized materials, there is no distinction between silica area
and that of the catalytically active component. The results are listed in Table 2. For bulk W,C, the

surface area is between 14 — 22 m?/g, and the pore volume is between 0.03 —0.06 mL/g. An
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increase in surface area relative to the WOj3 precursor, for which typically < 5 m?/ g are measured
[47], is expected after carburization to tungsten carbide. Moreover, the sorption data are
commensurate with the porous appearance in the electron microscopy images. The silica itself
exhibits a surface area of 217 m?/g and a pore volume of 1.62 mL/g after calcination at 700 °C.
Assuming formation of W>C, the samples contain ~43 wt% SiO., implying that the stabilizer could
contribute around 93 m?/g and 0.70 mL/g, unless its properties are affected by sintering or pore
blocking. Samples containing the silica stabilizer were characterized by an overall surface area of
60 — 110 m?/g and a pore volume of 0.38 — 0.62 mL/g. The effect of the silica stabilizer on the
tungsten carbide BET surface area is thus not easily extractable. The BET surface area, as well
as the pore volume, are found to be only dependent on the presence of the silica stabilizer and do

not show any correlation with any other synthesis parameter or with the phase composition.
3.3.4. Analysis of crystalline domain sizes by powder X-ray diffraction

All diffraction patterns were fit, and the crystalline domain sizes of W,C and WC, as far as they
were present in reasonable concentrations, were determined. The resulting values are shown in
Figure 8 as a function of synthesis temperature, with the presence or absence of the SiO; stabilizer
as a parameter. A more detailed version of the plot is shown in Figure S5. It is evident that the
crystalline domain size of W,C is mostly between 7 and 10 nm and therefore smaller than that of
WC, which exclusively appears at crystalline domain sizes larger than 10 nm. In other words, each
tungsten carbide phase appears within a distinct range of crystalline domain sizes. The stability of
8-WC at crystallite sizes larger than 10 nm is in perfect agreement with the computed phase
diagrams by Shrestha et al. [33]. The W2C phases computationally predicted to be stable in the
observed crystallite size range of 6 — 10 nm are the phase with the Pbcn space group (termed [3-
W,C by Shrestha et al. and B’-W-C by Kurlov and Gusev) and the phase with the P37m (termed
€-W>C by Shresta et al. and by Kurlov and Gusev). As stated earlier, the W->C phases cannot be
discriminated by powder XRD, and we can neither confirm nor refute the proposed stability trends
among the W.C phases. The main outcome of the analysis in Figure 8, which is that the W.C
phase is characterized by smaller crystallites than the WC phase, is not affected by this lack of
distinction. Higher synthesis temperatures promote a higher fraction of WC, while there is no trend
to larger crystallite sizes with increasing synthesis temperature for W2C; seen together, these

trends are consistent with transformation of W>C into WC upon temperature-induced growth.
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Figure 8: Crystalline domain sizes of W2C and WC for DOE Set and Set Il from powder X-ray diffraction whole pattern

fitting. Samples are either made from bulk WOz3 (“WQ3”) or from silica-stabilized WO3 (“W0O3/SiO2"). Circles, W-C,
squares, WC, open symbols, silica-stabilized, solid symbols, bulk samples.

While the silica stabilizer leads to a higher fraction of W»C, the observed crystallite size for each
phase, W2C or WC, does not show an obvious correlation with the absence or the presence of the
silica stabilizer, as per Figure 8. However, there are two materials containing WC crystals larger
than 10 nm, and both are silica-stabilized materials. The predictions by Shrestha et al. [33] are
based on a vacuum environment, whereas the stabilized carbide particles exhibit both, exposed
surfaces that are in contact with the gas atmosphere, and interfaces to the silica. The silica has a
high BET surface area and can impart an internal surface area of 161.2 m?/g on the carbide at a
tungsten loading of 30 mol-% (estimate details in SlI). While the surface energy of this interface is
not known, the contribution could affect the stability ranges and can serve as a possible
explanation for larger W>C particles than would be expected in a vacuum environment. There

could be additional interfaces between the tungsten phases.

The silica stabilizer does promote a higher W,C content (Figure 4), and the reason is evident
from Figure 6, which shows that the WO3 precursor is dispersed on the silica particles, much
different from the bulk WO3 precursor. The dispersion of WO3 on the silica support is conducive
to smaller carbide particles, which are more likely to assume W-C structure. The interface to the
silica could also contribute to stabilization as discussed. The hypothesis posed in the introduction

that at small particle sizes, when the surface energy term becomes relevant, the stability order of
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different tungsten carbide phases may change, is confirmed. This knowledge opens new
possibilities to control carbide phase composition by tailoring carbide crystalline domain size, for

example by the precursor crystallite size, the synthesis temperature, or tribochemistry.
3.4. Surface properties and structure-activity relationships
3.4.1. Carbon monoxide adsorption

Carbon monoxide adsorption is commonly used to probe carbide surface area. Here, it was
conducted in pulse mode at above ambient temperature, and the results are not confounded by
adsorption on the silica stabilizer [36]. Strong and irreversible adsorption is presumably specific to
low valence tungsten sites that allow for 1 back-bonding. The chemisorption followed the
synthesis without exposure of the samples to air, thus avoiding passivation from contact with
oxygen and the need for re-reduction. The absence of carbon deposits was verified by Raman

spectroscopy (Figure S6).

For the silica-free samples, the amount of CO adsorbed per gram is roughly one order of
magnitude (i.e., a factor of 7 to 17) lower than the amount of N2. There is no obvious correlation
between the amount of N2 and the amount of CO for the limited set of samples investigated,
suggesting that the surface electronic properties of these polycrystalline, multiphase samples are
not uniform and the metallic fraction on which CO adsorbs varies from sample to sample. The
amount of CO was found to be linearly correlated to the fraction of W>C, as demonstrated in Figure

9. This correlation applies to both types of materials, those without and those with silica stabilizer.
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Figure 9: Carbon monoxide adsorption as function of W2C content, as amount CO adsorbed in moles per mole
tungsten in the sample. Two sample sets are shown, with carbide syntheses performed in different reactors and
chemisorptions in different apparatus. Yellow squares are from DOE Set, blue stars represent Set Il.
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The trend in Figure 9 indicates that the main contribution to the metallic surface area comes
from W>C. The crystalline domain size of W»C is generally smaller than that of WC, and one could
hypothesize that the particle size is also smaller and hence the metallic surface area larger.
However, a quantitative consideration shows that the difference in domain size is insufficient to
explain the difference of one order of magnitude in CO adsorption that becomes apparent from
the endpoints in Figure 9. In addition, an estimate shows that spherical crystallites with a 5 nm
radius and a density of 17.1 g/cm? have a surface area of ~35 m?/g, which is significantly higher
than the up to 22 m?/g that are measured. The domain size is thus not a good measure of particle
size, and the particles in the W2C-rich samples consist of smaller crystalline domains. Finally, for
the silica-free materials, the N> BET surface area is largely invariant to phase composition (Table
2 and Figure S7). Thus, different physical dimensions of the particles of each phase cannot

account for the trend in CO adsorption with phase composition.

Since size and morphology cannot explain the difference in CO adsorption, the adsorption
properties of WC and W-.C must be different. The literature is controversial with respect to CO
adsorption on WC. Initial work by Volpe and Boudart suggested the adsorption is only around 11%
of a monolayer [22]; later work by Ribeiro et al. showed a 1 h long treatment in H, at a temperature
of 700 °C made more sites available for CO adsorption, corresponding to close to 40% of a
monolayer [4,20]. The increase in surface area through the H. treatment was attributed to the
removal of polymeric carbon from the synthesis, which had been conducted at 1100 K. It was
reported that some faces of WC do not adsorb CO [4]. Indeed Koverga et al. [61] found that the
strongest adsorption is on C-terminated, not on W-terminated faces. From the work of Shrestha
et al. [33], WC crystals are more likely to exhibit W-terminated faces than W-C. Recent application
of WC as electrocatalyst revealed that the material is little susceptible to CO poisoning, which was
attributed to weak adsorption of the CO molecule [62]. The desorption of CO from WC has been
observed to occur largely below 400 K [63]; others reported that on WC(1000), a fraction of CO
dissociates and another fraction desorbs below 250 K [64]. Evidently, the surface properties of
WC are not firmly established in the literature, which suggests that crystal termination is important.

In contrast, the literature is consistent with respect to strong adsorption of CO on W-C.

The available data and the literature allow a tentative conclusion by elimination of certain
scenarios. Polymeric carbon on the surface of the DOE samples was excluded (Figure S6), as
was a mere particle size effect (Figure S7). The remaining explanation for the low CO adsorption
on WC-rich samples is that the electronic properties of the exposed WC surfaces are not

conducive to strong CO adsorption. In contrast, CO adsorbs readily on W-C.
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3.4.2. Catalytic behavior

As already mentioned, the proportion of W2C in the carbide catalysts and the catalysts’ activity
for butyraldehyde hydrogenation are influenced in a very similar manner by the same synthesis
parameters. The silica stabilizer results in more W,C and a higher catalytic activity. The same
holds true for a lower synthesis temperature. By comparing the W,C-content to the 1-butanol
formation rate normalized to the amount of tungsten used in the catalysis test, as shown in Figure
10a, a clear, linear correlation between the two is established. This correlation indicates that an
increased amount of catalytically active sites or more active sites are available in the presence of
the W»>C-phase. The amount of WC and the catalytic activity show a negative correlation (Figure
S8), which is a natural consequence of the positive correlation with W>C and the small tungsten
metal content. No correlation can be established between the amount of metallic tungsten found
in the catalyst and the catalytic activity (Figure S9). A plot of butyraldehyde hydrogenation rate vs
N2 BET surface area shows two clusters of data points, one cluster for bulk materials that shows
no correlation, and one cluster for silica-stabilized materials that has a weak trend but a

considerable spread (Figure S10).

The catalytic activity for butyraldehyde hydrogenation correlates extremely well with the amount
of chemisorbed CO, as is shown in Figure 10b). It should be noted that the reliability of CO
chemisorption experiments is dependent on the absolute amount of adsorbed CO, and the values
found for the catalysts with little CO adsorption are subject to a comparatively large margin of error.
However, the catalytic activity increases in a linear fashion with the amount of adsorbed CO, thus
the CO chemisorption experiment perfectly captures the sites for the kinetically relevant step.
Consequently, a higher site density makes W,C a more active catalyst than WC, and not sites that

are more active.
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Figure 10: Correlation between the catalytic activity for hydrogenation of butyraldehyde to butanol, expressed as mol
1-butanol per total mol tungsten per hour, as a function of a) W2C content and b) amount of carbon monoxide
adsorbed. Solid circles (e)bulk catalysts; open circles (o)silica-stabilized catalysts.

All samples were active for toluene hydrogenation (Figure S11). The rate of hydrogenation of
toluene per amount of tungsten also increases with increasing W-C content (Figure 11a), although
the variation in activity with composition is smaller, and the correlation is not as evidently linear as
for butyraldehyde. Similarly, the correlation with the amount of adsorbed CO is less well defined
(Figure 11a). The latter is understandable, since ring hydrogenation is reportedly structure-
sensitive [50], and CO may not probe the required ensembles adequately. However, individual
sites detected by CO are likely part of these ensembles.
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Figure 11: Correlation between catalytic activity for hydrogenation of toluene to methylcyclohexane, expressed as
moles methylcyclohexane per mole tungsten per hour, and a) W2C content and b) amount of carbon monoxide
adsorbed.
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Combination of Figure 10a with Figure 10b and of Figure 11a with Figure 11b allows generating
a correlation of an apparent turnover frequency (TOF) with phase composition, as depicted in
Figure 12. The calculation of the TOF is illustrated for butyraldehyde in the supporting information,
and the TOFs of the individual catalysts are listed in Table S4. The two plots in Figure 12 indicate
that there is little variation of the turnover frequency with phase composition, for both probe

reactions. In turn, the total carbide surface area, as probed by CO, is a key factor for activity
variations.

There are several possible interpretations of the very similar apparent turnover frequencies that
are observed for different phase compositions of the catalysts. One possibility is that W2C is the
only active phase whereas WC does not contribute to the catalytic turnover. Another possibility is
that WC does have active sites of comparable activity to those of W»C, but far fewer as indicated
by the low CO adsorption. Prior work indicates that the catalytic transformation dictates which
phase is superior. W>C was found to exhibit a higher turnover frequency in n-hexane
hydrogenolysis than WC [5], whereas WC excelled in neopentane hydrogenolysis [4]. The
observation that butyraldehyde conversion has a more pronounced trend with phase composition

than toluene ring hydrogenation is consistent with this notion (Figure 10 vs Figure 11).

Independent from this conclusion, the results indicate the relevance of the complex interplay of
synthesis, dispersion (particle sizes), phase composition, chemisorption method and catalytic

performance of tungsten carbides for detailed interpretation of structure-activity relationships in
catalysis.
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Figure 12: Apparent turnover frequencies, obtained by relating rates to sites as probed by CO chemisorption; a)
butyraldehyde hydrogenation to butanol, expressed as mol 1-butanol formed per site per second, and b) toluene

hydrogenation to methylicyclohexane, expressed as mol methylcyclohexane formed per site per second. Error bars
consider uncertainty in rate measurement from several different syntheses.
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4. Conclusions

The isothermal synthesis of tungsten carbides from tungsten oxide precursors with or without
silica stabilizer was developed to control the tungsten carbide phase composition. Isothermal
synthesis with a dynamic control of the WC synthesis time allows complete reduction of WO3
while preventing over-carburization to WC. A design of experiments approach to optimize the
catalyst system was used to efficiently determine the most important synthesis parameters as well
as their optimal values. Nearly phase-pure tungsten semicarbide (W.C) was obtained in the
presence of the silica stabilizer and at a synthesis temperature of 680 °C. The observation that
SiO; stabilizes high-surface-area tungsten carbide and in particular the W,C-phase shows the
importance of investigating the influence of oxide stabilizers and supports in the preparation of
tungsten carbide catalysts. The DOE approach represents progress in applying mathematical
tools to catalysis research and solid-state synthesis, and the model was successfully extended

beyond its original boundaries.

Analysis of powder X-ray diffractograms showed that the W,C phase was characterized by
smaller crystalline domain sizes than the WC phase. This finding confirms the hypothesis that
W,C, usually considered metastable, can become the thermodynamically favorable phase at small
particle sizes, that is, at high surface areas. If the surface energy term prevails, then W,C with its
lower surface energy is more favorable than WC although its (bulk) crystal energy is higher relative
to WC. The critical domain size identified for the phase change, around 10 nm, is in perfect
agreement with the predictions from DFT calculations by Shrestha et al. [33]. The role of particle
size for phase stability explains the importance of the silica stabilizer, which disperses the tungsten

phase.

The materials were found to be active for hydrogenation of butyraldehyde to butanol and for
hydrogenation of toluene to methylcyclohexane. The isothermally synthesized silica-stabilized
catalysts possess higher phase purity and increased aldehyde conversion activity compared with

materials obtained via the temperature-programmed synthesis method.

The hydrogenation rate for either reaction per total moles tungsten increased with increasing
W,C-content, as did the amount of CO adsorbed. WC did not exhibit many sites for CO adsorption
and presumably did not contribute significantly to hydrogenation catalysis. The 1-butanol
formation rate was found to be perfectly proportional to the number of sites probed by CO for a
set of samples with varying phase composition, indicating that CO captures the active sites well.

The correlation for the methylcyclohexane formation rate with CO-counted sites was not perfectly
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linear, perhaps reflecting that ensemble sites are needed for aromatic ring hydrogenation. Overall,

the variation of turnover frequency with changing phase composition was small.
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