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ABSTRACT

We present the fabrication of 3D complex shapes of porous tungsten carbide (WC) using an
origami-inspired manufacturing technology. This is the first report of this technology, which
allows for the fabrication of complex WC structures featuring a density as low as 0.06 g/cm®. The
porous WC origami structures are fabricated by heat treatment of folded paper infiltrated with an
aqueous solution of ammonium metatungstate (AMT). WC purity up to 96% was achieved when
using an AMT concentration of 20%, synthesis temperature of 1300 °C and heating rate of 2.5
°C/min. The as synthesized WC featured a BET surface area of 102.06 m*/g. Beyond obtaining
high purity WC, the focus was on understanding the effect of the microstructure on the mechanical
performance of origami structures. Increasing the purity of WC decreased the elastic modulus and
compressive strength of the origami structure, which is attributed to the increasing grain size of
the crystalline phase materials and increase of graphitic phases in carbon with increasing
temperature. Furthermore, the WC origami structures exhibited good and stable electrical

conductivity under compressive stress. These initial results, coupled to the excellent
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electrochemical properties of the WC system, encourage further work on using paper as a scaffold

to fabricate origami-inspired multifunctional structures, for structural energy components.
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1. INTRODUCTION

Tungsten carbide (WC) is a transition metal carbide that features platinum-like electrocatalytic
properties at a reduced cost.'! A further advantage of WC over platinum is that, unlike platinum,
WC does not get inactivated by common poisons such as hydrogen sulphide (H2S) and carbon
monoxide (CO) during hydrogen oxidation reaction, and even promotes effective electrooxidation
of these compounds!?. Furthermore, WC exhibits stability in a wide range of pH and
temperatures.>1 18 These properties have established WC as a suitable alternative to platinum as
electrode material in various applications including microbial fuel cells and batteries.[”" 12 The
excellent mechanical properties of WC are also well established. For example, the compression
strength and Young’s modulus of bulk WC are among the highest known, around 400 MPa and
700 GPa respectively, while also featuring high hardness, wear-resistance, and high temperature

151 Thanks to such mechanical and electrochemical properties, WC

strength and hardness!'?!
shows excellent potential as a structural electrode material towards multifunctional devices such
as structural fuel cells and batteries to meet future needs in portable electronics, aerospace and

16]-20] In such context, structural WC electrodes will also benefit from

hybrid ground transports.!
porosity, both to decrease their weight and to increase their surface area and reactivity. Although
porous WC is routinely derived by powder sintering or heat treatment of bio-templates, i.e. wood,
peels, infiltrated with tungsten salts or particulates,'*!?? structuring WC has proven difficult
because of the poor workability of pressed WC sheets, limitations on complexity due to geometry

of the pressing mold, or lack of control over the available shape factor of the bio-template.

To this end, here we present for the first time the use of origami folding techniques to enable the
derivation of WC structured electrodes. Origami is an ancient Japanese art of paper folding, where
a 3D complex shape can be fabricated from a 2D paper by folding it along prescribed crease lines,

and is now recognized as a framework for the design of mechanical structures of tailorable



properties.!?*1 1261 In this work we used commercial and widely available pure cellulosic paper, a
renewable resource, as a base material. Once structured using origami designs, we infiltrated it
with Ammonium Meta Tungstate (AMT), a tungsten (W) salt, and then treated it to temperatures
up to 1300 °C in an inert atmosphere. During this process, the cellulosic paper carbonized, tungsten
was derived from its salt and finally carbon and tungsten reacted to form WC. In this first report
of WC origami, we focus on elucidating the effect of processing on the mechanical and electrical
properties of the structures and characterizing the electrical stability of the WC structured
electrodes under a mechanical load. We emphasize mechanical properties to complement several
works by other authors on the effect of processing on the electrochemical performance of
WC.MNIERT Different process variables were studied to understand their impact on the final
composition and mechanical properties of WC origami. We first present the fabrication process
and then how the concentration of a W salt, and both temperature and heating rate during heat
treatment determine the composition and crystallinity of WC origami. We then report on the
mechanical and electrical properties of Miura-ori origami structures with a dominant phase of
WC, with the goal of elucidating the impact of material properties and microstructure on the

origami macro-structure.

2. MATERIALS AND METHODS

2.1 Design of Experiment (DOE)

A DOE and Taguchi methods were implemented using Minitab (Minitab Inc, USA) software to
optimize the conditions for the synthesis of WC from chromatography paper. Experiments were
planned using an orthogonal array as obtained by the Minitab software proposed by the Taguchi
method. Minitab was also used to analyze results using Analysis of Variance (ANOVA). The
orthogonal array provided different combinations of parameters and their levels for each
experiment. According to the Taguchi method, the orthogonal array allows for the study of the
entire parameter space with a minimum number of experiments.[*®) The synthesis parameters
studied in this work were concentration of AMT, final temperature during heat treatment, and the

heating rate. Three levels of each parameter were chosen here as shown in Table 1.

Table 1: Levels of the synthesis parameters used for the Taguchi method



Parameters Level 1 Level 2 Level 3

Temperature 1100 °C 1200 °C 1300 °C
Heating rate 1 °C/min 2.5 °C/min 5 °C/min
AMT 10% 20% 50%

L9 orthogonal arrays were chosen for three synthesis parameters and three levels for each
parameter. Such arrays provided nine set of experiments with best combinations of the synthesis
parameters to study the results within the entire design space (see Table S1 in the supplementary
information). The output signal chosen in this study was the relative amount of WC obtained after
heat treatment, as our aim was to optimize the parameters for the synthesis of WC with the highest
purity. The relative amount of WC in the samples was determined using Equation 1 (i.e. X=WC).
Three forms of signal to noise (S/N) ratio can be used to analyze the results following the Taguchi
method: smaller-the-better, nominal-the-better, and larger-the-better. The larger-the-better S/N
ratio was chosen in this study, as the relative amount of WC should be highest at the optimum
conditions. For the larger-the-better condition, the S/N is determined by Equation 2.12°! Table S1
(See the supplementary information) details the L9 orthogonal arrays and the corresponding
results. Analysis of Variance (ANOVA) was implemented with Minitab and used to analyze the

effect of synthesis parameters on the output signal, or relative amount of WC.

Sum of the intensites of the peaks for X in XRD
Sum of the intensities of all the peaks present in XRD

Relative amount of X = X 100% Equation 1

S/N = —10log [mean of sum of squares of reciprocal of measured data]  Equation 2

2.2 Materials

Pure cellulose chromatography paper (Fisherbrand Chromatography Paper, Sigma Aldrich, Cat.
No. 05-714-1) with a thickness of 0.19 mm was used for this work. Ammonium metatungstate
(AMT, Sigma Aldrich, Cat. No. 463922) was used as the tungsten precursor for WC synthesis. We

used ultra-pure water as the solvent of the AMT solution used to infiltrate the paper.

2.3 Fabrication of WC origami



Figure 1 presents the general fabrication process of a WC origami shape. Among different origami
shapes, Miura-ori has gained much attention because of its simplicity and high specific
stiffness.[2°% In the context of structural electrodes, the Miura-ori geometry (Figure 1) offers a
rigid structure with an open cell geometry, to facilitate transport of electrolyte for example, and
increased surface area. Hence, in this work we emphasized the fabrication of Miura-ori structure.
The inset of Figure 1a shows the crease pattern for a unit cell of a Miura-ori fold. The dotted and
solid lines in the unit cell represented the creases to create “valleys” on one side of the paper and
“mountains” on the other. The Miura-ori design used here featured 16 unit cells. A unit cell of
Miura-ori was defined by the design parameters 4, [ and a.[*!) All the Miura-ori samples fabricated
in this work featured an a of 75°, an 4 of 9.18 mm and a 3:5 ratio between /4 and /. We designed
individual crease patterns for “valleys” and “mountains” for the origami structures using
Solidworks (Dassault Systems, Waltham, MA, USA). The fabrication process started with pre-
creasing the chromatography paper using an empty, generic ball point pen mounted on a desktop
cutting-plotter machine (Graphtec CE6000-40, Japan). The ball point pen featured a ball diameter
of 1.5 mm. The parameters used during the pre-creasing were: speed = 12 cm/s, acceleration =
0.71 m/s?, force = 2.16 N, and number of passes = 3. An example of the pre-creased paper for
Miura-ori in such process is shown in Figure la. Alignment of valleys and mountains was
implemented using marks that were automatically generated by the software of the cutting plotter

and printed on the paper.

The paper was infiltrated with AMT after pre-creasing using a given aqueous solution of AMT
with different concentration (wt/vol.%). We immersed each sample of pre-creased paper in the
AMT solution for 20 minutes. The samples were then dried on a hot plate at 85 °C for 1 hour to
enable manual folding. An example of the folded paper Miura-ori previous to heat treatment is

illustrated in Figure 1b.

2.4 Heat treatment

Once folded, the Miura-ori structures were heat treated in a tube furnace (TF1700, Across
International, USA). The heat treatement protocol featured 5 steps: (1) heating from room
temperature to 300°C at 5°C/min; (2) dwell at 300°C for 30 min to allow the excess oxygen to

escape the furnace;*?1331 (3) heating from 300°C at various heating rates (1, 2.5 and 5°C/min) to a
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final temperature (800, 900, 1000, 1100, 1200 and 1300°C); (4) dwell at this temperature for 3
hours; and (5) cooling down to room temperature at a cooling rate of 5°C/min. Different final
temperatures and heating rate were used in step (3). The dwell time in step (4) was kept constant
at 3 hours, as a dwell time more than 3 hours does not have an effect on the synthesis of WC from
biopolymers.**! The entire heat treatment process was performed under a vacuum atmosphere
since AMT contains a highly stable form of WOs3 that requires higher energy to break the stable
W-O bond.® A vacuum environment provides higher energy to a sample by enabling higher

sample temperature than any inert gas environment.*®) An example of the resultant Miura-ori after

heat-treatment is shown in Figure 1c.

Figure 1: (a) Pure cellulose paper pre-creased using a plotter machine. The inset shows the
geometry of a unit cell of a Miura-ori structure described by /, 4 and a. The unit cell is indicated
on the paper by the dashed rectangle. (b) Paper Miura-ori structure after manually folding pre-
creased paper. (c) A WC Miura-ori shape obtained after infiltrating the paper Miura-ori with 20%
AMT and heat treating it to 1300°C at a heating rate of 2.5°C/min in vacuum. The scale bars in all

figures represent 1 cm.

2.5 Material and microstructure characterization

All the samples obtained after heat treatment were characterized in terms of composition of
crystalline materials using X-ray diffraction (XRD, Rigaku Ultima IV, Japan) using a
diffractometer equipped with graphite monochromatized high intensity Cu Kal radiation (A=



1.5405 A). The microstructure of selected samples was characterized using scanning electron
microscopy (SEM, S4800, Hitachi, Japan) and high resolution transmission electron microscopy
(HRTEM, H9500, Hitachi, Japan). Elemental analysis of selected samples was performed using
energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments, US) mounted on a scanning
electron microscope (SU6600, Hitachi, Japan). We characterized the size of the macropore (pore
diameter >50 nm) between the fibers by image analysis of the SEM images using the Particle
Analyzer macro built into the ImageJ software. For internal porosity measurement, we performed
nitrogen adsorption-desorption at 77.35K using Quantachrome Autosorb i1Q gas sorption analyzer
(Quantachorme Instruments, USA). The Brunauer—-Emmett-Teller (BET) method was used to
measure the specific surface area of the heat-treated samples. The grain size of crystalline materials
present in the heat treated samples was estimated from the XRD patterns using the Scherrer
Equation. In the Scherrer equation (Equation 3), the avergae grain size (D) is estimated using the
wavelength of X-ray (L), the Bragg angle (0), the half width of the diffracttion peak (B) and a
constant k.71 For a particular peak, @ was obtained by dividing the x-coordinate (i.e. 20) of the
corresponding peak in the XRD pattern by 2. B was obatined by measuring the width of a peak at
the correspodning 26 at the half of the height of the peak. The constant £ is a dimensionless shape
factor, which depends on the shape of the crystallites. Scherrer calculated the value of k as 2(In 2
/m)®> = 0.9395 when assuming cube shaped crystallites.’”) However, depending on the shape of
the crystallites, the value of k ranges from 0.6366 to 1.5.5%) In the abscense of the detailed shape

of the crystallites, as is the case here, the use of k= 0.9 is preferred.?- 4]

D=2 Equation 3

" Bcos8

2.6 Mechanical and Electrical Characterization of Origami structure

The structural density of the Miura-ori samples was calculated by the ratio between the mass of
the Miura-ori and the total volume it occupied, i.e. the envelope method.[***3] We performed
compressive tests on the heat treated Miura-ori samples to characterize the compressive strength
(om) and the elastic modulus (E) of the samples. The compressive tests were performed at a rate of
1 mm/min to 80% strain using a load cell of 50 N mounted in a an Instron Single Column Testing

System (Model 5944). The stress-strain curve obtained from the compressive test featured three



different regions: the elastic region, post-yielding softening and densification.*445] A
representative example of such stress-strain curve is presented as Figure S1 in the supplementary
information. The highest peak in the elastic region determined the compressive strength (om)
reported here, which represents the onset of fracture of the panels, while the slope of the curve in

the elastic region determined the elastic modulus of the sample (E).

To characterize the electrical stability of the heat-treated origami samples, LabView software was
used with a National Instruments myDAQ to apply a constant current of 1mA through the test
samples and measure the resistance during the compression tests. Electrically insulating rigid
plates were used during the compression test to ensure no transfer of current from the testing
samples to the test fixture occurred. Connections from the myDAQ to the sample were made by
fastening a positive and negative lead to two bands of copper tape which were adhered to the lower
insulating plate of the test fixture at a distance of 4.5 mm. Resistance measurements were recorded

at a rate of 2 Hz. Figure S2 shows a picture of the experimental setup.

3. RESULTS AND DISCUSSION
3.1 WC Origami

The Miura-ori structures obtained after heat treatment appeared grey in color and although they
shrunk, the Miura-ori shape was retained after heat treatment (Figure 1c). The Miura-ori structures
featured a structural density in the range 0.06-0.11 g/cm?, or 0.38-0.7% of an equivalent prism
made of solid WC as measured by the envelope method.[*®! The shrinkage of the Miura-ori occurs
due to elimination of biproducts generated during the carbonization of the cellulose and the
reduction of the AMT.[*7I*8] The shrinkage in the lateral direction of the Miura-ori was mostly
attributed to the geometry of the Miura-ori as we explained in our recent publication regarding

carbon origami.!*’!

3.2 Heating rate during heat treatment is not as an important process parameter as AMT

concentration and temperature in the fabrication of WC Origami

We studied the effect of heating temperature, heating rate and concentration of ammonium meta

tungstate (AMT) solution on the composition of the heat-treated samples by using design of
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experiments, Taguchi method and Analysis of Variance (ANOVA) analysis. The amount of WC
produced in the heat-treated sample was considered as the output signal here, as our goal was to
obtain a sample with the highest purity of WC. The analysis obtained by ANOVA and the results
from the Taguchi analysis are presented in Table 2 and Figure 2. The equations used to calculate
the total square of sum (SS), mean square of a factor (MS), F-value and P-value can be found in
previous publications.P! Of particular interest is the F-value that indicates the effect of the
control factor on the results obtained.”®! A F-value less than 1 indicates minimal effect of the
control factor on the result; a F-value around 2 represents moderate influence of the control factor
on the outcome; while A F-value more than 4 suggests strong and significant effect of the control
factor. In the Taguchi analysis, the impact of a parameter on the output signal, such as the relative
amount of WC of interest here, is analyzed by the slope of the curve,?® i.e. a flat curve signifies
minimal impact. Here, both the ANOVA and the Taguchi analysis strongly suggested that only
temperature and AMT concentration had an impact on the final material, with temperature being
slightly more important than AMT concentration. Furthermore, the analysis of the mean S/N ratio
and the relative amount of the WC obtained from the Taguchi analysis suggested a synthesis
temperature of 1300 °C (level 3), heating rate of 2.5 C/min (level 2) and AMT concentration of
10% (level 1) to be the ideal conditions among those tested. Further work was done to further

elucidate the impact of temperature and concentration of AMT.

Table 2: ANOVA of the S/N ratios for the relative amount of WC depending on temperature and
AMT. The descriptors for each Level are detailed in Table S1. A low F-value indicates weak

impact. The highest value of mean S/N ratio indicates the most optimized value in the array.

Source DF SS MS F-value P-value Mean S/N ratio
Level 1 Level2 Level 3

Temperature 2 75.08 37.54 17.61 0.054 28.19 48.59 56.67
Heating rate 2 3.16 1.58 0.74 0.574 43.26 45.17 45.02
AMT 2 82.99  41.49 19.46 0.049 54.88 53.12 25.46
Error 2 4.27 2.13

Total 8 165.49
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Figure 2: Effect of (a) temperature, (b) heating rate and (c¢) concentration of AMT on the synthesis
of WC from paper obtained from the design of experiment using Taguchi analysis. This analysis
is based on the crystalline phases obtained in the XRD patterns of the heat-treated sample as

calculated using Equation 1.

3.3 Effect of AMT concentration

The amount of AMT can be used to alter the stoichiometry in the system — reduced amounts of
AMT will yield an excess of amorphous carbon, while excess of AMT will yield an excess of
tungsten. In the system studied here, carbon is first required for the carbothermal reduction of
tungsten oxide to tungsten, and second for the reaction with W to generate WC. An ideal
concentration of AMT should provide enough W that is in stoichiometry to the carbon derived
from the paper and after the reduction of WO3 to W. The molar ratio of W:C at stoichiometry is 1
for the formation of WC. We first studied the effect of AMT concentrations in the range 5% - 50%
in our material system when assuming a carbon yield of 4.4% from the paper.*’! Figure 3a shows
that a molar ratio W:C of 1 is achieved in this case when using an AMT concentration close to
30%. Of note, these calculations were obtained using a carbon yield percentage obtained in
nitrogen atmosphere and not considering the carbon required for the reduction of WO3. The use of
a vacuum atmosphere is expected to result in a lower carbon yield than when using nitrogen as
previously reported by Dickens when studying the carbonization of polyethylene in both
atmospheres.*®) However, the exact value for the paper used here is not reported in the literature

and we could not derive it due to equipment limitations. Hence, we expected the actual amount of
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carbon available for the reaction with the metallic W to be lower than the 4.4% originally assumed.
To explore the effect of lower carbon yields, we then plotted the estimated molar ratio of W:C
when the carbon yield is 2% and 3% (Figure 3a). This resulted in estimating that a ratio of 1 can

be achieved at AMT concentration of 13% and 23% respectively.

We heat treated the infiltrated Miura-ori shapes to 1300 °C with a heating rate 2.5 °C/min to
characterize the effect of the AMT concentration on WC synthesis. The results from XRD
characterization (Figure 3b and c) indicate that a) AMT concentrations less than 10% lead to an
excess of carbon; b) an AMT concentration 10-20% derives in a sample where WC seems
dominant, with small peak for W2C; and ¢) AMT concentrations >30% yield a clear excess of W,
with WC present and no traces of W2C. A closer inspection of the XRD patterns for the samples
with 10% and 20% AMT revealed that a significant amount of carbon was still present as indicated
by the bulging curve between 26= 20° to 20= 30° in the XRD pattern (Figure 3c). The best fit
curve to the bulged portion seems very similar for both samples, so it is difficult to estimate which
sample contains more carbon. However, the plot of the crystalline composition of the sample for
different AMT concentrations (Figure 3d) shows that the relative amount of WC is 95.5% for 20%
AMT compared to 87.35% for 10% AMT. Hence, it can be inferred that in the case of 20% AMT,
more WC was formed, and more carbon was consumed to form WC. With further increase of the
AMT concentration to 30% or above, the bulging curve for the amorphous carbon in the XRD
pattern became flat, which suggests all the carbon was consumed to form WC. However, metallic
W became the dominant material in the sample. Hence, the exact AMT concentration which
satisfies the stoichiometry between carbon and tungsten is likely to be between 20%-30% and
closer to 20% AMT as indicated by Figure 3d. This will mean that the available carbon for
carbothermal reduction and WC synthesis in this system is around 3% of the paper as estimated
by Figure 3a. This is corroborated by the fact that the intersect at W:C=1 for different carbon yields

is inversely proportional to the AMT concentration.
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Figure 3: (a) Molar ratio between W and carbon estimated analytically based on the AMT
absorbed by the cellulose paper during the infiltration. Different carbon yields of the paper were
also considered here. (b) XRD patterns for the samples obtained using different concentration of
AMT and heat treated at 1300°C with a heating rate of 2.5°C/min. The peaks for hexagonal
tungsten carbide (WC) are identified at the 26 angles of 31.7°, 35.9°, 48.6°, 64.4°, 66.1°, 73.5°,
75.8°, and 77.3° which are indexed to the (001), (100), (101), (110), (002), (111), (200) and (102)
crystal planes respectively (ICDD PDF number 01-089-2727). The other major peaks in the XRD
patterns are indexed to tungsten hemicarbide (W2C) and tungsten (W) according to ICDD PDF
numbers 01-071-6322 and 00-001-1204 respectively. (c) The XRD patterns zoomed in the range
20 =20° to 20 = 30°, which is important to investigate the presence of any free carbon the sample.
The samples for 5%, 10% and 20% AMT exhibit a bulging curve indicative of free carbon present

in the samples. (d) Effect of the concentration of AMT on the relative amount of the crystalline
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phase materials present in the samples heat-treated to 1300°C. The relative amount of the

crystalline phase materials was calculated using Equation 1.

3.4 Effect of Synthesis Temperature

The XRD patterns of Miura-ori infiltrated with 20% AMT and heat-treated at 2.5°C/min to
different temperatures in the range 800°C — 1300°C are shown in Figure 4a. The relative proportion
of the crystalline materials present in the sample using the XRD patterns is plotted in Figure 4b as
calculated with Equation 1. At 800°C, the peaks in the XRD pattern correspond to WOs3,
confirming the known reduction of AMT into WO3 at temperatures below 800°C.1*2l As the
temperature increased, WO3 reduced to W followed by reaction with carbon to generate WC. The
reduction of WOs to metallic W completed at a temperature in between 800°C — 900°C as
evidenced by the wide peak around 26 = 40.3° at 900°C and the disappearance of the peaks at 20
=23.94°, 24.84° and 53.36°, which are characteristic peaks of WO3. WC was not observed below
900°C. The presence of amorphous carbon in the system can be deducted by the bulge between
the angles 20 = 20° to 20 = 30° in the XRD spectra. At 1000°C, peaks for WC and W2C appear
but metallic W is still the dominant material in the sample. The relative amount of WC increases
proportionately with temperature until becoming the dominant phase around 1200°C. At 1300°C,
the relative amount of W becomes zero, which suggests complete carburization of the metallic W.
Although the amount of W2C decreases with temperature, a small amount of W2C is still present
in the sample obtained at 1300°C. At this temperature, the amount of WC is 96% and the rest of
4% 1s W2C. We expect the W2C to completely carburize to WC by heating above 1400°C based
on previous report by Koc and Kodambaka when heat treating carbon coated WO3 powders in a
argon (Ar) or 10% Hz-Ar atmosphere.'>*] We could not do test at a temperature higher than 1300°C

due to limitations of the experimental set up.

The field emission scanning electron microscopy (FESEM) images of the samples heat treated at
a temperature 1000°C — 1300°C are shown in Figure 4c—f. The FESEM images support the results
from the XRD patterns. For the samples heat treated at 1000°C and 1100°C, a significant amount
of W particles can be seen in their corresponding FESEM images (Figure 4c and 4d respectively).
For the sample obtained at 1000°C, the W particles were sitting on the carbon fiber template.

Example of such is presented in the inset of Figure 4c. As the temperature increased to 1100°C,
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the W particles seemed to start arranging themselves along the fibers, although a significant
number of particles were still sitting on the fibers. The size of the W particles also seemed bigger
than the one seen in the sample of 1000°C. In the FESEM images for 1200°C and 1300°C, the
loose W particles were not seen anymore. However, there were still W particles present in the
sample obtained at 1200°C as the XRD suggested. These W particles might be embedded in the
inner part of the fibers, which are not visible in the FESEM images. Fibers composed of
agglomerated WC particles can be seen for the sample obtained at 1300°C. Details of the

microstructures of this sample are discussed in a later section.

We investigated the effect of synthesis temperature on the specific surface area and pore size
distribution of the samples. The results are shown for the samples heat treated at 900°C, 1100°C
and 1300°C in Figure 5. As shown in Figure 5a, all the samples exhibited type I adsorption-
desorption isotherms, which are classified according to international union of pure and applied
chemistry (IUPAC).’* The adsorption-desorption isotherms suggest presence of mesopores (pore
diameter = 2-50 nm) in the samples, which was further confirmed by the pore size distribution as
shown in Figure 5b. Along with the mesopores, presence of internal macropores (pore diameter >
50 nm) can be also confirmed from the pore size distribution for all the samples. The porosity
parameters of the samples are summarized in Table 3. The BET surface area, total pore volume
and mesopore volume decreased with the increase in the synthesis temperature. This was expected
as increase in synthesis temperature promotes sintering of the particles, which results in collapsing
the pores and formation of larger particles. Consequently, these yields lower specific surface area

and pore volume.

Both the XRD and the FESEM analysis suggest that the carburization process implemented here
completed at 1300°C. This is a lower temperature than those required in traditional WC synthesis
methods such as high temperature direct carburization, carbothermal reduction reaction and gas
phase carburization. For example, the high temperature direct carburization requires a temperature
around 2800°C for fusion of tungsten and carbon in a hydrogen environment.>* Both carbothermal
reduction reaction and gas phase carburization require a temperature in the range 1400°C—1800°C
for complete carburization of tungsten.!*) We speculate that the infiltration of the AMT within the
cellulose help the WOs3 particles nucleate inside a carbon matrix. The close proximity between the

carbon and the WOs3 particles might accelerate the whole reaction mechanism yielding a lower
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carburization temperature. Since lower carburization temperature signifies lower energy
consumption, our process is a more energy-efficient process compared to traditional WC synthesis
processes. However, a temperature of 900°C—1000°C has also been previously reported when

(6157591 In these reports, a sol-gel method was used to prepare

using AMT as a tungsten precursor.
the precursor material. In a sol-gel method, the AMT is surrounded by the gel material, which
helps the nucleation of the tungsten particle and initiation of the carburization at lower temperature.
Furthermore, preparation of the gel requires a heat treatment at a temperature 180°C—200°C for at
least 12 hours. We suspect this intermediate heat treatment process may already weaken the W—O
bonds of AMT, which further helps the carburization to occur at a lower temperature. In our
process, such long intermediate heat treatment is missing. Furthermore, we suspect that because
of the amorphous and non-graphitizable nature of the carbon, the process needs higher energy than
the sol-gel process to facilitate complete carburization of the W particles, which is facilitated by
an increase in temperature. However, it should be noted here that the samples we obtained in our
process feature a minimum specific surface area of 102.06 m*/g. This is significant because such
surface area is much higher than the surface area of commercial grade WC (BET surface area <
10 m?/g) obtained using carbon black and tungsten precursors.[®”) WC featuring higher porosity
and BET surface area (>100 m?/g) can be synthesized using template methods.l®'®?l In such
method, a sacrificial material is used in the matrix to generate the pores. Removal of the sacrificial
material generally requires a washing step with highly corrosive chemical such hydrofluoric acid.
Use of the highly selective sacrificial materials and precautions taken for the highly corrosive
chemicals yields higher processing cost for the template method. In comparison, we were able to

achieve a surface area >100 m?/g for the WC in a simple, cost-effective and environment-friendly

process.
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Figure 4: (a) XRD patterns for the heat-treated Miura-ori samples at different temperature and
both constant heating rate (2.5°C/min) and AMT concentration (20%). (b) Relative amount of the
crystalline materials present in the heat-treated Miura-ori samples at different temperature. The
relative amount was calculated from the XRD patterns using the Equation 3. FESEM images of
the samples heat treated at (c) 1000°C, (d) 1100°C, (e) 1200°C and (f) 1300°C. For the sample
obtained at 1000°C, tungsten particles were sitting on carbon template as seen in the higher

magnification FESEM images. Example of such is shown in the inset of (c).
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Figure 5: (a) Nitrogen adsorption-desorption isotherm at 77.35K and (b) pore size distributions of
the samples heat treated at 900°C, 1100°C, and 1300°C.

Table 3: BET surface area and pore volume of the samples heat treated at 900°C, 1100°C, and

1300°C.

Synthesis BET surface area | Total pore volume | Mesopore volume
temperature (m?%/g) (cm¥/g) (cm’/g)

900°C 181.96 0.303 0.070

1100°C 130.22 0.224 0.052

1300°C 102.06 0.129 0.032

3.5 Microstructural characterization

The microstructure was characterized for the Miura-ori obtained using a temperature of 1300°C, a
heating rate of 2.5°C/min and 20% AMT since previous experiments determined that WC was the
dominant material in this case. The paper used in this work as carbon precursor was basically a
multilayered porous matrix of tightly packed cellulose fibers with an average diameter of 17.48 +
3.06 um.[* After heat treatment, the spacing between fibers was still random with macroporosity

of the sample in the range from 1.04 um to 28.34 um (inset of 6a). Interestingly, the microstructure
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of the fibril network on the outer layer was different from that in the inner layer. The average
diameter of fibers forming the outer layer was 10.88 + 2.05 um, whereas the fibers in the inner
layers featured an average diameter of 15.62 + 1.73 um. Higher magnification FESEM images
further showed that the fibers on the outer layer were composed of what seemed to be
homogeneous grains (Figure 6b). TEM studies showed how the WC grains at the outer layers
featured a lattice spacing (d) of 2.5A (Figure 6d), which corresponds to the (100) plane of
hexagonal WC.[®*) On the contrary, the inner-layer fibers appeared to be amorphous carbon
decorated with solid particles (Figure 6¢), which was further confirmed by the TEM as shown in
Figure 6e. Using the EDS analysis (inset of Figure 6¢) of the inner-layer, the weight ratio between

WC and carbon in the inner layer fibers was estimated to be 2.59 +0.39.

The initial hypothesis to explain such inhomogeneity in the sample was an inhomogeneous
infiltration of the AMT solution across the cross-section of the paper. To test this hypothesis, we
infiltrated the paper with a colored AMT solution (using food coloring at 10 v/v%). However, this
hypothesis was ruled out after a homogenous color across the cross-section of the AMT infiltrated
paper was observed under the microscope. The effect of dwell time and temperature was then
considered, following the rationale that the reaction between W and C throughout the sample was
incomplete at 1300°C. However, XRD results showed how at 1300°C there was no W left in the
system to react with the carbon. Our current hypothesis is that the evaporation of water occurring
after AMT infiltration may be the cause for material inhomogeneity. During evaporation, water
may aid on the transport of AMT to the outer layer and the correspondent depletion of AMT in the
inner layers. Moreover, the reduction of AMT begins with the decomposition of AMT to WOs,
gaseous ammonia (NH3) and water (H20),°?! which is followed by the reaction between H2O with
WOs to form WO2(OH)z, a volatile byproduct,*’! that may get redeposited on the outer layer fibers.
Both processes can lead to a change in stoichiometry and material inhomogeneities across the

material and further investigation is needed.
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Figure 6: (a) FESEM image of the sample obtained from the heat treatment of paper at a synthesis
temperature of 1300°C with a heating rate of 2.5°C/min and using an AMT concentration of 20%.
The WC obtained here featured a porous network of randomly oriented fibers. The pore size
distribution of the fibers is shown in the inset. The pore size between the fibers ranged from 1.04
pum to 28.34 pm. The microstructure of the fibers from outer layer of paper differed from the fibers
from the inner layer. (b) Higher magnification FESEM image of the fibers from the outer layer
showing the porous network of agglomerated WC particles. (d) HRTEM image of these WC
particles shows the lattice planes of WC with a lattice spacing of 2.5 A. (c) Higher magnification
FESEM image of the fibers from the inner layer of the sample showing WC decorated in a carbon
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matrix. A representative EDS result of the inner layer fibers is shown in the inset. (¢) HRTEM
image of the inner layer fiber further confirms this phenomenon showing WC particles surrounded

by carbon.

3.6 Mechanical Characterization of WC Miura-ori

We characterized the compressive and elastic modulus for the Miura-ori samples heat treated in
the temperature range 900°C — 1300°C. The results are reported in Figure 7c. The decrease of -
68.76 = 0.17% in the compressive strength and -59.06 + 0.22% in the elastic modulus were not
expected given that WC gradually becomes the dominant material in the sample in this temperature
range. The high standard deviation in both compressive strength and elastic modulus was expected
due to the random distribution of the constituent fibers characteristic of paper./*”! The decrease in
the mechanical properties was not due to structural density as this remained uniform (Figure S3)
but can be attributed to the properties of the constituent materials, namely WC, W, W2C and
amorphous carbon. According to the Hall-Petch relation, the mechanical properties of ceramics
decrease with the increase in the grain size as long as the grain size of the ceramic is larger than
15 nm.[®4] The grain size of WC and W present in the material at different temperatures is shown
in Figure 7a; the contribution of W2C was insignificant and is not reported here. The grain size of
WC increased from 16.1 + 8.63 nm at 1000°C to 58.88 + 5.81 nm at 1300°C while that of metallic
W increased from 26.94 + 3.52 nm at 900°C to 67.3 £ 2.19 nm at 1200°C. Furthermore, the
mechanical properties of amorphous carbon also decrease with increasing temperature.!%6167] In
addition to that, at the interface of the crystalline phase materials (WC or W) and carbon, the
carbon is expected to locally transform into graphitic phases with increasing temperature.[6816%]
The graphitic phase carbon exhibit lower mechanical properties than the disordered carbon. As a
result, cracks may appear at the interface of the carbon and crystalline phase material during load
transfer, which would further propagate along the fibers to cause brittle fracture of the fibers.l”")
As the local graphitization enhances with increasing temperature, failure at a lower stress is
expected at a higher temperature. Therefore, the overall mechanical properties of the Miura-ori
structures exhibited an inversely proportional relation with the temperature. It should be noted here
that we obtained a range of compressive strength and elastic modulus only by changing the process

temperature of the Miura-ori and without changing the density of the structure. When using the
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system detailed here, a lower synthesis temperature should be chosen when the mechanical
properties are the most important, even if a pure WC is not obtained at that temperature. Further
investigation is required to identify the reagents and process necessary to derive pure WC with

small grain size.

3.7 Electrical Characterization of WC Miura-ori

Without any mechanical load, the resistance of WC origami ranged from 44.5 + 28.91 Q when
derived from a heat treatment at 900°C to 18.5 = 6.37 Q at 1300°C, thus showing an inversely
proportional relation between electrical resistance and processing temperature. This can be
attributed to the change in material composition with the increase in temperature. At 900°C, the
composition of the material is mostly W particles in a carbon matrix as suggested by the XRD
(Figure 4a). Although W features low electrical resistivity (6.01 pQ-cm)!’!, that of carbon derived
from cellulose is much higher than W (300 — 500 pQ'cm).’?l As the temperature increases, W
particles start reacting with the surrounding carbon to produce WC, which features low electrical
resistivity (4.2 — 100 uQ-cm).['* The resistivity of the carbon is also known to decrease with
increasing processing temperature.[”?! Furthermore, local graphitization at the interface of the
W/WC and carbon can also induce higher conductivity at a higher processing temperature, as the
catalytic graphitization is strongly influenced by temperature.[®”) An example of this is shown in

the detail (red dashed square) in Figure 7e for a sample heat treated at 1300 °C.

We then characterized the electrical stability of the heat-treated origami samples under mechanical
stress. A representative example of the electrical behavior of the Miura-ori sample under
compression test is shown in Figure 6b, where we plotted the electrical resistance and the stress-
strain curve of the corresponding sample (in this specific case the sample was heat treated at
1300°C). The initial resistance drops from a strain of 0 to ~0.26 represents the decrease in contact
resistance between the sample and the measurement electrodes (labeled as contact resistance in
Figure 6b). Once the mechanical load is transferred to the sample, the electrical resistance remains
constant up to the point of structural failure (elastic region). The measured resistance then
increased slightly after failure (post-yield softening). The point of failure when under compression
and its corresponding resistance as the processing temperature changes are plotted in Figure. 7d.

We speculate that under compression the inter-fibril contacts increase and the relative distance
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among the fibers decreases, which improves the electron transport and decreases the electrical
resistance. As the load increases, the stress would ultimately transfer from fiber-fiber contacts to
the suspending portion of the individual fibers. At the onset of the post-yield softening, the fibers
start rapturing progressively, ultimately leading to structural failure and an increase in the electrical
resistance of the sample in the post-yielding softening region. The average electrical resistance of
the samples heat-treated at different temperature is plotted in the Figure 6d when subjected to no
load and at the compressive strength immediately before failure. Electrical resistance clearly
decreases with increasing processing temperatures. Importantly, the Miura-ori samples remained
electrically conductive throughout the compression test up to mechanical failure. The small
standard deviation for the data taken under the compression suggests the electrical conductivity of

the origami samples was stable during the compression test. Such behavior is highly desirable from

architected electrode materials.
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Figure 7: (a) Effect of synthesis temperature on the grain size of WC and W. The grain size was
estimated from the XRD patterns using Scherrer equation. (b) Representative example of the
stress-strain curve and corresponding electrical resistance of a heat-treated Miura-ori sample
obtained during compression testing. Three distinct regions of the curve can be identified: contact
resistance, elastic region and post-yield softening. This specific sample was heat treated at 1300°C.
(c) Compressive strength and elastic modulus of the Miura-ori samples heat-treated at different
temperature. (d) Electrical resistance of the Miura-ori samples heat treated at different temperature
when under no load (squares) and at the compressive strength immediately before failure (circles).
The compressive strength of the Miura-ori samples is also plotted here to corelate the mechanical
properties and the electrical properties of the samples. The Miura-ori samples were infiltrated with
20% AMT solution. The heat treatment was performed in vacuum environment using a heating
rate of 2.5 °C/min. At least 4 experiments were performed for each data point. The error bar

represents the standard deviation in the measurement.
3.8 Scalability and Versatility

The fabrication process presented here is scalable and versatile. The size of the origami structures
can be scaled up or down by changing the dimensions in the unit cell. For example, the scalability
for WC Miura-ori is shown in Figure 8a, where the unit cell parameter /# was varied from 6.12 mm
to 10.71 mm and the design angle o was kept constant at 75°. Examples of other shapes of WC
origami and their corresponding unit cell geometries are shown in Figure 8d and e in the forms of
Waterbomb-base and Yoshimura. The scalability of the WC origami structures is dependent on
the fabrication of the paper origami shapes, as reported recently for the case of carbon origami.[*”]
When using a manual folding approach, scalability depends on the dexterity of the user and
complexity of the origami structure. Hence, if the complexity of an origami structure is defined by
N, which is a ratio between the number of crease lines and the area of the paper, scalability is
inversely proportional to N. An N > 0.05 mm™ makes the distance between adjacent crease lines
for the origami structures too close for manual folding by an average user. In such cases, folding
defects such as curl, crimps and kinks occur at the facets of the paper structure during the manual
folding and are transferred further in the WC origami structures (data not shown). The scalability
of the fabrication process could be improved by replacing the manual folding step with

reprogrammable robotic systems. For example, Tanaka et al built a robotic mechanism that could
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be programmed to mimic human hand dexterity for origami folding, which was demonstrated by
successfully folding a flat piece of paper into an origami tadpole.’*! Furthermore, Namiki and
Yokosowa developed a dynamic sensory system for a robotic arm that could help avoid the

occurrence of defects in successive folding and improve folding accuracy.[”!

The structural density and mechanical properties vary with the scalability of the WC Origami
structures. Figure 8b shows the change of structural density (p) for WC Miura-ori structures with
different design parameter 4. The density of the WC Miura-ori decreases from 0.108 +£0.015 g/cm?
t0 0.052 £ 0.006 g/cm? as /4 increases from 6.12 mm to 10.71 mm. Such change in density with the
size can be attributed to the shrinkage of the origami structures during the heat treatment process,
which is further associated to the geometrical parameters of the origami shapes.[*” Figure 8c shows
the compressive strength (om) and the elastic modulus (E) of the WC Miura-ori samples. As
expected, om and E increase with the increase in the structural density. The value of om increases
from 16.68 + 4.95 kPa for p = 0.052 g/cm? to 39.48 + 5.8 kPa for p = 0.108 g/cm?. Similarly, E
increases from 118.18 +20.14 kPa to 265.09 £ 35.8 kPa. In other words, om and E show an inverse
relationship with the design parameter 4. Such structural behavior is also valid for other WC
origami shapes such as Waterbomb-base and Yoshimura. The structural density and mechanical
properties of the origami shapes are also supposed to vary with the shape of the origami

[76] Such variation of the structural properties can be an advantageous aspect of this

structure.
fabrication process. It helps to choose the geometrical dimensions of the electrodes depending on
the application specific working conditions. For example, electrodes in fuel cells for automobiles
are subjected to several mechanical stresses including packaging stress and vibrational stress.[””!
For such application, origami structures exhibiting higher mechanical properties and higher

density may be suitable.

24



@0.14.....nn||........||.|.|....|....7©‘_\ 50 T T T 400

s 71wy S | PR Best fit curve (Rz =0.98) i E‘N_' «-@--- Compressive strength
i E Equation for best fit curve: 4 VE 40 | --=- Elastic modulus - 320 E
__% odo b p= 1.2h-1'34 = G R R B :
2 P = o e it - i e o w
(=% =2l | O ¢ L = SN L ] =
= o008f } 3 o 30 o 240 8
o 0.06 F R 3 0 il P ] o
§ 0% [ en iy T g % 160 2
© E : @ ]
£ 004aF 3 @ =
2 [ h o 7]
|5} E 1 5 10| 480 ©
2 002F 3 £ w
w £ 1 5]

000 Lvea b ln 1y Pl EPIFEEE BT S | O 0 | 1 1 0

5 6 7 8 9 10 " 12 0.04 0.06 0.08 0.10 0.12

Design parameter of Miura-ori, h (mm) Structural density, p (g/cms)

Figure 8: (a) Different sizes of WC Miura-ori with varying /4 from 6.12 mm to 10.71 mm showing
scalability of the fabrication process. (b) Structural density (p) of the WC Miura-ori structures of
different sizes. At least five Miura-ori were characterized for the structural density for each value
of h. The error bars represent the standard deviation in the measurement. The red dotted line
represents the best fitted curve to the density. (c) Plots of compressive strength (ox) and elastic
modulus (£) against structural density of the WC Miura-ori. Different other shapes of WC can be
fabricated using this origami-inspired manufacturing. Examples are (d) WC Waterbomb-base and
(e) WC Yoshimura. The unit cells with the geometrical parameters are shown in the inset of the

corresponding figures.
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4. CONCLUDING REMARKS

In this work, we elucidated the effect of heating rate, AMT concentration and temperature on the
composition of WC structures. Heating rate was found to not have a significant impact on the
material composition. A low AMT concentration resulted in amorphous carbon being the main
component of the structure, whereas an excess of AMT yielded a structure rich in tungsten. The
synthesis temperature influences the reaction between W and C, yielding higher purity of WC with
increasing temperature. Although the focus was first on deriving pure WC, increasing the purity
of WC decreased the mechanical properties of the origami structure. This can be attributed to the
increasing grain size of the crystalline phase materials and increase of graphitic phases in carbon
with increasing temperature. The electrical conductivity of the heat-treated origami samples also
decreased with increasing purity of WC, which was expected. This is due to the conversion of the
less conductive carbon into conductive WC, and a higher degree of graphitization of carbon with
increasing temperature. The highest purity of WC, 96%, was achieved here at a synthesis
temperature of 1300°C with a heating rate of 2.5°C/min and with an AMT concertation of 20%.
The WC obtained using these synthesis conditions featured a BET surface area of 102.06 m?%/g,
which is much higher than the surface area of commercially synthesized WC and comparable to
the high surface area WC materials synthesized using template method. The WC Miura-ori
samples exhibited good and stable electrical conductivity under compression, which is crucial for

an architected electrode material.

The process to fabricate structured WC electrodes presented here can allow for the fabrication of
unique geometries of porous, lightweight WC structures, which are challenging to achieve with
other manufacturing techniques, including sintering, machining and additive manufacturing. The
presented process also has potential for large scale manufacturing. For example, starting with a

1-[80

paper roll, automatic pre-creasing can be enabled with embossing techniques.!”88% Upon pre-

creasing, the paper roll can be passed through a bath of proper metal precursor for infiltration. The
automatic folding of the origami structures can be implemented by using upcoming

[74][75][81

reprogrammable robots I or by the processes similar to the manufacturing of paper bags

and filters.[®?! The folded structures can be further heat treated using proper heating protocol on
rolling furnaces, which are commonly used for manufacturing of tiles and other ceramic parts.**!

Lastly, it represents the use of sustainable precursors.
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The results presented here encourage the use of paper as a scaffold to derive structures with various
compositions, i.e. homogeneous carbide or carbon decorated with tungsten, for various
applications. WC nanoparticles dispersed in a carbon matrix have been shown to exhibit excellent
catalytic activity for hydrogen evolution reaction.?”34] Carbon-coated WC fibers obtained by heat
treatment of electrospun AMT-infiltrated polyvinylpyrrolidone fibers exhibited preferable
electrocatalytic activities and stabilities in oxygen reduction reaction.!®! Although the WC fibers
obtained in the work presented here feature larger diameters than the electrospun WC fibers,
comparable electrochemical activities can be expected from our materials due to compositional
similarity and fibril morphology. In addition to that, the origami pattern imposes an impact on the
electrochemical properties by increasing the energy per footprint area, which is beneficial for
energy devices. For example, Cheng et al. reported an 14-fold increase in areal energy density for
a Miura-ori patterned current collector when compared to a unfolded current collector in a Lithium-
ion battery application.!®¢! Furthermore, we demonstrated that these origami structures of WC
feature low density, can carry mechanical loads at such low density and exhibits good and stable
electrical conductivity under compressive load. Hence, complementing the excellent
electrochemical properties of the WC materials reported by other authors with the load carrying
capabilities and electrical stability of the WC origami structures, the fabrication process presented
here can be suitable to fabricate multifunctional materials for structural energy devices. Ongoing
work is on the validation of the multifunctionalities of these WC origami structures by performing

the electrochemical characterization under mechanical loading.
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Table of Content

Architected Tungsten Carbide (WC) electrodes were fabricated using origami and heat treatment
techniques. We report the effect of different process parameters on the synthesis of WC structures
from a cellulosic precursor. The WC origami structures featured low density and exhibited good

mechanical strength and elastic modulus in such low density. Furthermore, these WC structures

exhibited excellent electrical stability under compressive load which is highly desirable for
architected electrode material.
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