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Abstract: Formic acid decomposition to Hy-rich gas was investigated over a CuO-CeO,/y-Al;,O3
catalyst. The catalyst was characterized by XRD, HR TEM and EDX methods. A 100% conversion
of formic acid was observed over the copper-ceria catalyst under ambient pressure, at 200-300 °C,
N,:HCOOH = 75:25 vol.% and flow rate 3500-35,000 h™! with H, yield of 98%, wherein outlet
CO concentration is below the equilibrium data (<0.5 vol.%). The copper-ceria catalyst proved to
be promising for multifuel processor application, and the H, generation from dimethoxymethane,
methanol, dimethyl ether and formic acid on the same catalyst for fuel cell supply.

Keywords: formic acid decomposition; hydrogen production; CuO-CeO,/y-Al,O3; multifuel
processor; copper catalyst; oxygenates; fuel cell

1. Introduction

Growing interest in, and demand for, high temperature proton exchange membrane fuel cells
(HT PEM FC) has evidently manifested itself during the past decade due to their high tolerance to
fuel impurities compared to the low temperature (LT) PEM FC [1-3]. For instance, the HT PEM FC
can be fueled by hydrogen-rich gas containing up to 3 vol.% of CO [1]. Analysis of current literature
shows that gas mixture with this composition can be produced by catalytic conversion of oxygenates
such as methanol [4-6], dimethyl ether (DME) [7-9], dimethoxymethane (DMM) [10-14] and formic
acid (FA) [15-23]. The obtained Hj-rich gas can be directly used as fuel without complex CO removal
processes. This makes the HT PEM FC-based power units more compact and simple. The typical HT
PEM FC-based power unit scheme is shown in Figure 1.

Methanol
DMM [ H,0) Multifuel HT PEM FC :> Heat
DME Processor T=150-170°C Electricity

—>

Figure 1. Scheme of power unit based on high temperature proton exchange membrane fuel cells
fueled by oxygenates.

In our previous work [12,13], effective bifunctional CuO-CeO,/y-Al,O3 catalysts have been
proposed for methanol, dimethyl ether and dimethoxymethane steam reforming (SR) to Hy-rich gas
showing great promise for a multifuel processor approach. The catalysts comprised of acidic and
Cu-based sites and provided complete methanol/DME/DMM conversion and a Hy production rate of
15 L/(gcat-h) at 300-370 °C.
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Supported Cu-based catalysts proved highly active and selective for formic acid (FA)
decomposition (Reaction (1)) [20]. In particular, the reaction in this work was studied over
carbon-supported copper catalysts doped with nitrogen atoms (Cu/N-PCN). The catalysts provided
complete conversion of FA at temperatures >270 °C and high hydrogen productivity (up to 97.4%).

HCOOH = C02 + Hj (1)
Reaction (1) can be accompanied by side Reactions (2) and (3) yielding CO and water:
HCOOH = CO + H,O (2)

CO,; + H, =CO + H,O (3)

The present work reports the performance of the CuO-CeO,/y-Al,Oj3 catalysts in FA decomposition
to Hp-rich gas to be used for HT PEM FC. The effect of some reaction conditions on the catalyst’s
performance was studied. The catalyst was characterized by XRD, HRTEM and EDX techniques.
In order to evaluate the catalyst’s possibility for multifuel processor applications, we compared
CuO-CeOy/y-Al; O3 catalytic properties in methanol, dimethyl ether and dimethoxymethane steam
reforming and FA decomposition reactions.

2. Materials and Methods

The catalyst of composition 10 wt.% CuO-5 wt.% CeO,/y-Al,O3, which showed the best
performance in methanol, DME and DMM SR reactions in our earlier study [13], was used in
the FA decomposition experiments. It was prepared by the impregnation method reported in details
elsewhere [13]. Samples for transmission electron microscopy (TEM) were prepared by carefully
applying the catalyst powder on a carbon film on a nickel grid. These samples were investigated by
conventional and high-resolution (HR) TEM and energy-dispersive X-ray (EDX) chemical microanalysis,
using an electron microscope JEM 2010 (JEOL Ltd., Tokyo, Japan) at operation voltage 200 kV and
lattice-fringe resolution 0.14 nm. The microscope was equipped with an EDX unit (EDAX Co, Mahwah,
NJ, USA) for the local elemental analysis (the energy resolution was 130 eV).

X-ray diffraction (XRD) data were collected using a URD-63 diffractometer with a CuK« source
(graphite monochromator). The measurements were taken within 20 scanning area = 20°-80° with a
step of 0.02° (20) and an accumulation time of 1.0 s. The diffraction patterns were processed using the
PowderCell 2.4 software package. The identification of the crystalline phases was performed using the
JCPDS international diffraction database.

Experiments on FA decomposition were carried out in a flow U-shaped reactor (inner diameter
4 mm) at 120-320 °C under ambient pressure. The temperature of the catalytic bed was measured using
a chromel/alumel thermocouple placed in the middle of this bed. Before reaction, the copper-ceria
catalyst was pre-reduced in situ at 300 °C in a mixture of hydrogen (5 vol.%) diluted with N at a total
flow rate of 3000 mL/h during 1 h. After that, the reactor was cooled to 120-200 °C in a flowing mixture
of hydrogen and nitrogen and then the gas mixture was switched to (vol.%): 25 HCOOH and 75 Nj.
The total gas hourly space velocity (GHSV) was 3500-35,000 h~?.

FA was fed into the reactor by passing N (99.999%) through a glass saturator filled with formic
acid (JSC Reahim, 99%) maintained at 60 °C. N, and H, were introduced to the reactor by gas flow-mass
meters (Bronkhorst). The inlet and outlet concentrations of Hy, CO, CO, and H,O were recorded
using gas chromatography (Chromos-1000, Chromos Engineering, Dzerzhinsk, Russia) equipped with
thermal conductivity and flame ionization detectors (Porapak T and CaA molecular sieves columns).
The minimum concentration of CO, CO;, H, and H,O that could be determined using this method was
5-1073 vol.%. During the experiments, the carbon balance was controlled with an accuracy of +3%.
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Conversion of HCOOH, H; selectivity, hydrogen yield and productivity were calculated by the
following formulas:

mn
Cricoon ~ Chicoon X %
Xncoon (%) = Cin % %100 “)
HCOOH
out
CO,

out out
Cco, T Cco

St (%) = x 100 ()

SH, X XHcooH
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ou
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WHZ(h.gcat) ~ 7100 X meat )

where CI, C°Ut are the concentrations before and after reactor, respectively; F is the flow rate of the
reaction mixture (L/h); mc,¢ is the catalyst weight (g).

3. Results

3.1. Catalyst Characterization

Table 1 presents the data obtained from XRD patterns of fresh and used CuO-CeO,/y-Al,O3
catalysts. It shows that the fresh catalyst contains phases of cerium dioxide and y-Al,O3. A strong
decrease in the value of cerium dioxide unit cell parameter to 5.390 A, as compared to the standard
value of 5411 A, was observed. This may be due to the insertion of copper ions with a smaller
ionic radius and a lesser degree of oxidation in the structure of cerium dioxide (r (Cu?*) = 0.76 A,
r (Ce**) = 1.01 A). CeO, is in a highly dispersed state; its CSR size is 40 A. The phases of crystallized
copper species were not detected. Apparently, this fact indicates that copper oxide is in a form of either
well dispersed or amorphous species on y-Al,O3 surface. For the used catalyst, we can see a slight
decrease in the CeOj lattice parameter to a value of 5.395 A. This fact most likely indicates the possible
formation of a mixed oxide of copper and cerium [24-26]. The phase of highly dispersed metallic
copper is also observed in the used catalyst. Most likely, this is due to the fact that part of the copper
ions leave the structure of cerium oxide during the reaction.

Table 1. XRD data for the CuO-CeO,/y-Al, O3 catalysts.

Catalyst Phase Composition Unit Cell Parameters, A CSR (A)
v-Al, O3 7.918 50
Fresh CeO, 5390 40
v-AlL O, 7918 50
Used CeO, 5.395 30
Cu n.d. highly dispersed

Figure 2 shows the TEM image of the fresh CuO-CeO,/y-Al,Oj3 catalyst and the HR TEM image
and EDX spectrum of the marked area. In the TEM image, we observed an agglomerate of about 50 nm
in size (the marked area). The HR TEM image and EDX spectrum of this area were recorded. The EDX
spectrum shows that this agglomerate consists of Cu and Ce and an atomic ratio Cu:Ce = 70:30 at.%.
In the high resolution TEM picture of the agglomerate, cerium dioxide particle (interplanar distances
d(111) = 0.312 and d(200) = 0.271 nm, not shown in figure) was observed. We were unable to detect
copper particles in the HR TEM image because of their low contrast. According to XRD data, copper
oxide phases were not observed in the fresh catalyst, so it can be concluded that copper oxide particles
were in a highly dispersed state.
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Figure 2. TEM image (a) of the fresh CuO-CeO,/y-Al,O;3 catalyst and the HR TEM (b) and EDX spectra
(c) of the marked area.

Figure 3 shows the TEM, HR TEM images and EDX spectrum of the CuO-CeO,/y-Al,O; catalyst
after reaction. It shows that, similar to the fresh catalyst, the used catalyst contains copper-ceria
agglomerates of about 30-50 nm in size and an atomic ratio Cu:Ce = 60:40 at.%. In the HR TEM image,
we observed CeO, particles and no copper particles, as in the case of the fresh catalyst. However,
according to XRD data, the used catalyst contains the phase of highly dispersed metallic copper. We
believe that this phase refers to particles outside the agglomerates. These particles obviously suffer
sintering during long-term operation of the catalyst and therefore lose activity. At the same time,
the active sites of the catalyst are particles of copper stabilized by cerium oxide which do not undergo
changes during the formic acid decomposition reaction.

So, the CuO-CeO,/y-Al, O3 catalyst surface contains the agglomerates of 30-50 nm in size which
consist of mixed copper-cerium oxide (solid solution) particles of 5-7 nm in size, and some fine
dispersed copper. We suggest that these agglomerated mixed copper-cerium oxide particles are the
active coppers sites of the catalyst, which is in agreement with our previous work [13].
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Figure 3. TEM image (a) of the used CuO-CeO,/y-Al,Oj3 catalyst and the HR TEM (b) and EDX spectra
(c) of the marked area.

3.2. Catalytic Performance of CuO-CeO,/y-Al,O3 in FA Decomposition

Figure 4 demonstrates dependencies of FA conversion and outlet Hy, CO,, CO concentrations
at FA decomposition over 10%Cu-5%CeO,/y-Al,O3 catalyst at GHSV of 3500 h! (Figure 4a) and
35,000 h~! (Figure 4b) on temperature. Equilibrium values are shown by dashed lines. The equilibrium
compositions were calculated assuming equilibrium mixtures contained only Hp, H,O, CO, and CO.
The equilibrium and experimental values of H,O are not shown because they coincide with respective
values of CO, as well as the equilibrium values of CO, which are nearly similar to those of Hj.

The products of formic acid decomposition were Hy, H,O, CO, and CO; no other products were
observed. As shown in Figure 4, FA conversion rises with increasing temperature and gets 100% at
200 °C, GHSV = 3500 h™!, and at 300 °C, GHSV = 35,000 h~1. The product concentrations also increase
with increasing temperature. In the case of GHSV = 3500 h™!, at temperatures above 200 °C, the H,
and CO, concentrations are above their equilibrium composition, whereas the CO concentration is
below the equilibrium value. This is because the RWGS Reaction (3) does not reach equilibrium during
the experiment. Such behavior is typical for this catalyst; similar results were obtained in the steam
reforming of methanol, DME and DMM [13]. As GHSV increased to 35,000 h71, the temperature
dependencies of FA conversion and product concentrations shifted to a higher temperature region.
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Complete FA conversion was reached at 300 °C, whereas the CO concentration remained constant and

stayed below 0.5 vol.%.
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Figure 4. Effect of temperature on formic acid conversion and Hp, CO and CO; outlet concentrations

in formic acid decomposition over CuO-CeO,/y-Al,Oj catalyst at gas hour space velocity = 3500 h~!
(a) and gas hour space velocity = 35,000 h~! (b). Reaction conditions: p = 1 atm, inlet composition,
vol.%: Np:HCOOH = 75:25. Solid lines—experiment, dotted lines—thermodynamic equilibrium values.

Figure 5 illustrates how the hydrogen yield and CO concentration depended on the reaction
mixture feed rate at FA decomposition over CuO-CeO,/y-Al;O3 at 300 °C. It shows that, even with
ten-fold increase in GHSV, the hydrogen yield and CO concentration remained almost unchanged and
amount to 98% and 0.4 vol.%, respectively.
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Figure 5. Effect of GHSV on H; yield (m) and outlet CO concentration (A) over CuO-CeO,/y-Al;,O3
catalyst for HCOOH decomposition. Reaction conditions: p = 1 atm, T = 300 °C, X (HCOOH) = 100%.

Inlet composition, vol.%: Np:HCOOH = 75:25.

Figure 6 illustrates the effect of time on stream on the FA conversion and the outlet concentrations
of Hy and CO in FA decomposition over CuO-CeO,/y-Al,O3. The experiment was carried out at 250 °C
and GHSV = 35,000 h~!. It showed that during 8 h on stream, the catalyst was stable and supported
constant values of FA conversion and Hy and CO concentrations. We tend to explain this catalyst
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stability by the fact that the copper particles on the CuO-CeO,/y-Al,O3 surface were stabilized by ceria
and thus protected against sintering.
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Figure 6. Effect of time on stream on CO and hydrogen outlet concentrations in FA decomposition
over CuO-CeO,/y-Al,Oj3 catalyst. Reaction conditions: p =1 atm, T = 250 °C, GHSV= 35,000 h~L; Inlet
composition, vol.%: Np:HCOOH = 75:25.

So, the results obtained (Figures 4-6) show that complete conversion of FA over 10% CuO-5%
CeO,/y-Al,O3 was reached at temperatures 200-300 °C, yielding Hy and CO; as the main products.
The CO concentration was below 0.5 vol.%. The catalyst provided high hydrogen yield (~100%) in a
wide range of GHSV = 3500-35,000 h~1at temperatures 200-300 °C.

In this work, the catalyst properties were studied using reaction mixture diluted with nitrogen.
Note again that nitrogen was used as an internal standard to provide correct determination of the
reaction parameters. Clearly, hydrogen-rich gas mixture for FC feeding should be free of nitrogen
dilution. Our calculations for nitrogen-free reaction mixture showed that FA decomposition over 10%
CuO-5% CeO,/y-Al,O3 produces hydrogen-rich gas of composition (vol.%): 48 H;, 48 CO,, 2 CO, 2
H,O that is appropriate for direct feeding HT PEM FC.

Table 2 compares the results on vapor phase FA decomposition over CuO-CeO,/y-Al,O3 and
other efficient catalysts: Cu/N-doped carbon [20]; 1% Au/SiO; [21]; and Ir-, Pt-, Rh-, Pd-/C [22]. All data
refer to complete FA conversion. Note that H, and CO, were the main products of FA decomposition
over these catalysts. According to the cited data, the product distribution insignificantly depended on
the reaction conditions, and the maximum yield of Hy (92-99.5 %) was observed at 200-300 °C for
all catalysts.
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Table 2. Comparison of catalyst activities in formic acid decomposition.

Reaction Condition

Catalysts T, °C Y (Hp), % Refs
HCOOH: Inert vol.%:vol.% FA Flow Rate, h~1
. . ] 200 25.75 875 98 )
10% CuO-5% CeO,/y-Al,O3 300 25.75 8750 %8 This work
Cu/C 270 595 31501 97.4 [20]
1% Aw/SiO, 250 7.93 560 99.5 21]
2% Ir/C 99.5
2% PY/C , 98.6
290 RIVC 200 595 400 o [22]
2% Pd/C 91.7

! —data calculated per gram catalyst 3150 mL/(h gcat)-

Thus, the literature data [20] and results of the present work prove that Cu-based catalysts
are effective in the reaction of FA decomposition and keep up with catalysts containing the VIII
group metals.

As mentioned above (see Introduction), the CuO-CeO,/y-Al,O3 catalyst was effective in
dimethoxymethane, dimethyl ether, methanol SR reactions [12,13]. It seems reasonable to compare the
catalytic properties of CuO-CeO,/y-Al,O; catalyst in dimethoxymethane, dimethyl ether, methanol SR
and FA decomposition reactions in order to extend the scope of multifuel processor applications.

Table 3 presents the following data: temperature of 100% conversion of dimethoxymethane,
dimethyl ether, methanol and FA to H,-rich gas; H; yield; outlet CO concentration in the produced
Hy-rich gas; and H; productivity. Complete dimethoxymethane, dimethyl ether, methanol and FA
conversion was attained at 300-370 °C. Regardless of the raw material, the catalyst yielded Hj-rich
gas containing low outlet CO concentration (<1 vol.%), which can be used directly for HT PEM FC
feeding [1-3]. H, productivity of the CuO-CeO,/y-Al;Oj3 catalyst (Table 3) in FA decomposition (~15 L
Hj/gcat'h) was the same as in DMM, DME, methanol SR reactions. Taking into account these Hj
productivity data, we calculated that just ~50 g of the CuO-CeO,/y-Al,Oj3 catalytic system is enough
to operate a 1 kW HT PEM FC-based power unit using any substrate—DMM + H,O, DME + H,0O,
methanol + H,O or FA.

Table 3. Performance of the CuO-CeO,/y-Al,O3 catalyst in dimethoxymethane, dimethyl ether,
methanol steam reforming and FA decomposition.

Inlet Composition T GHSV Y (Hy) co W (Hy)
Reactions Refs
vol.% °C h-1 % vol.% 1/(h gcar)
DMM SR C3Hg0,:H,O:N, = 14:70:16 300 95 05 15.5
DME SR CyHgO:HyO:N, = 20:60:20 370 10,000 90 1 15 (2]
Methanol SR CH30H:H,O:N, = 40:40:20 300 95 1 15
FA decomposition HCOOH:N; = 25:75 300 35,000 98 0.45 15 This work

4. Conclusions

A CuO-CeOy/y-Al,O3 catalyst for vapor-phase formic acid decomposition to Hj-rich gas is
suggested. The catalyst containing CuO-CeO, mixed oxides on the y-Al,O3 surface is active and
selective in formic acid decomposition to Hy-rich gas with low CO concentration (<0.5 vol.%).
In particular, the CuO-CeO,/y-Al, O3 catalyst provides 100% conversion of formic acid with H; yield
~98% at 200-300 °C and GHSV = 3500-350,000 h~!. Moreover, the CuO-CeO,/y-Al,O3 catalyst shows
high prospects for the multifuel processor concept. It enables the H; generation from oxygenated
compounds of C1 chemistry (dimethyl ether, methanol, dimethoxymethane and formic acid) under
similar reaction conditions.
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