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Abstract

The integration of Hz production and purification is an essential step in the development of sustainable
power generation in proton exchange membrane fuel cells. Thence, coupling of steam reforming of
ethanol (SRE) and carbon monoxide removal was evaluated for further hydrogen production in fuel
cells. Firstly, SRE on RhPt/CeQO»-SiO, catalyst was carried out at 700 °C, displaying a stable product
distribution for 120 h. Then, CO removal from the actual post-reforming stream was evaluated over
several AuCu/CeO; catalysts with different Au:Cu weight ratios (1:0, 3:1, 1:1, 1:3, and 0:1). The role
of each active metal was identified: Au favors CO conversion by the formation of carbon intermediates,
and Cu improves CO; selectivity due to its redox properties. A 1:1 Au:Cu weight ratio on the
AuCu/CeO; catalyst at 210 °C favors complete CO removal from the post-reforming stream, achieving
fuel-cell grade hydrogen production. However, 25% of H, was loss during the CO removal step, which
is very high compared to studies with synthetic feeds. These high Hz loss would be the result of a
complex network of reactions occurring during the real post-reforming cleaning. Characterization tests
allowed us to identify that CeO2, combined with the Cu redox properties, favors water decomposition
and CO conversion. Likewise, catalyst reduction might favor Au-Cu alloy formation due to the similar
crystal lattice. Finally, stability tests showed that Au;0Cuz.0/CeQO> catalyst is susceptible to
rearrangement due to the cumulative oxidation of its surface during operation. Nonetheless, periodic in-
situ reduction treatment contributes to the Au-Cu alloy formation and stabilization, maintaining high
activity and mitigating Hz loss. Indeed, Au10Cui.0/CeO; catalyst was active for 95 h when reduced

every 24 h, achieving fuel-cell grade hydrogen with a minimum of 14% H; loss.
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1. Introduction

Hydrogen (H2) is a promising fuel to develop a cleaner energy system because it can be used in fuel
cells (FC) to decarbonizing simultaneously mobile and stationary applications [1]. Water, heat, and
electricity are the only products in FC fed with H.. Also, this technology can be integrated with local
renewable resources to improve energy efficiency and security. For instance, H. can be obtained from
fermentable biomass, which is widely present in industrial and agricultural wastes, allowing to close

the CO: cycle [2].

The general process for energy production from biomass could be divided into four stages, as shown in
Figure 1. Traditionally, these stages are considered separately and information of integrating processes
is still missing. Bioethanol production is well-studied and depends strongly on the kind of the biomass
fermented and the purifications steps, but ethanol and water are the main products expected. In Hy
production from bioethanol, steam reforming of ethanol (SRE) stands out for having higher H; yield
compared to other alternatives as partial oxidation or oxidative steam reforming [3]. Depending on the
operating conditions and catalysts, SRE yields different amounts of H, carbon monoxide (CO), carbon
dioxide (COz), and methane (CHa) [4]. Therefore, the purification of the Hz stream is required but the
purification process depends on the end-use of Hz, so this stage is usually studied independently from
the SRE. Finally, FC represents a great opportunity to develop environmentally-friendly commercial
devices. Among FC, proton exchange membrane FC (PEM-FC) are the most commercialized because
they can operate in a wide range of temperatures with high efficiency [5], making them suitable for
diverse applications. Also, recent energy and economic simulations in Aspen Plus software show the
potential of coupling SRE and PEM-FC technologies [6,7]. As the presence of CO is highly

undesirable in PEM-FC applications due to its deleterious effect on the cell electrodes, these studies



include several stages to remove CO. However, an experimental study that integrates directly SRE and
PEM-FC have been not reported because CO-removal is a bulky step [8]. Therefore, removal of CO

from the H stream prior to its use in PEM-FC is a key aspect in implementing of this technology.

Figure 1

Table 1 shows the reactions that would be involved in CO-removal from H> streams, along with the
main side-reactions. Conventionally, CO-removal from post-reforming streams is carried out by a
partial conversion through water gas shift reaction (WGSR) (Eq. 1) to ensure an outlet CO content
close to 2000-5000 ppm [9] -which may require two reactors-, followed by a final stage to ensure low
CO (<10 ppm [10]) -which could also include several reactors-. Preferential oxidation of CO (CO-
PROX, Eq. 2) and CO methanation (Eq. 3) are the most common methods used in the final stage [11].
Among them, CO-PROX ensures the low CO concentrations (< 10 ppm) [12,13] suitable for most
PEM-FC. Nevertheless, excess in Hz losses is common during the final stage by the presence of
secondary reactions (Eq. 4 and 5). Therefore, the conventional H; purification is extremely complex
and bulky, limiting the application of the existing Hz production technology in mobile and small FC
applications [8]. Thus, an integration of CO-removal process in the same reactor has been proposed
recently [14], which would be promising for the development of new applications with PEM-FC.
Accordingly, the challenge to integrate H. production and purification lies on finding a catalytic system
that ensures an elevated H production and a complete CO removal in the post-reforming streams,

reducing the number of reactor units.

Table 1. Chemical reactions involved in the CO-removal of post-reforming streams



Reaction Description

CO+H,0=2C0O,+ H, Water gas shift reaction Eqg. 1
2C0 + 0,— 2C0, Preferential oxidation of CO  Eg. 2
CO + 3H,=CH, + H,0 CO methanation Eq. 3
2H, + 0,—2H,0 H; oxidation Eq. 4
CO, + 4H,=CH, + 2H,0 CO; methanation Eqg. 5

In previous works, our group designed an active and stable catalyst for the SRE by assessing different
supports (CeO», ZrO,, and La,03) [15] and Rh:Pt ratios [16], as well as a novel mixed Ce:Si support
[17]. In particular, a RhPt/CeO>-SiO- catalyst with 0.4 wt % Rh, 0.4 wt % Pt, and a Ce/Si molar ratio of
2 in the support yields a Ha-rich stream (71% of Ha, 18% of CO, 3% of CO2, and 7% of CH4), making
it a promising material for mobile and stationary applications. Now, it is our intention to clean this

stream (i.e., remove CO) to be able to connect it to a PEM-FC.

Mono- and bi-metallic Au and Cu have been reported as promising active metals in WGSR [14,18,19]
and CO-PROX [20]. The support also plays an important role in catalyst performance for CO removal.
For example, CeOz could be used because surface oxygen vacancies favor the adsorption of carbon
species, which promote WGSR [21], CO-PROX [11], and methanation [22]. Therefore, Au-Cu
supported on CeO: has been reported as a favorable catalyst for the complete removal of CO in
synthetic post-reforming streams (containing CO, Hz, CO, and H20) [12]. However, product
distribution depends strongly on temperature, feed composition, and active metal ratio [17]. Therefore,
the challenge is to evaluate the CO-removal in an actual post-reforming stream and identify operational

variables that promote high activity and stability, preventing H> losses.



This study aimed to evaluate a catalytic system for CO-free H» production that couples SRE and CO-
removal reactors, looking forward to designing an in-line catalytic system to produce electricity in
PEM-FC. SRE was carried out over a RhPt/CeO,-SiO; catalyst previously reported [17], and
AuCu/CeO; catalysts were evaluated for CO-removal. The effect of the Au:Cu ratio on activity and
selectivity was studied. Stability tests in continuous operation were conducted in the coupled system
and some strategies for catalyst reactivation were assessed. Characterization tests, such as Brunauer—
Emmett—Teller (BET) surface area, X-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM), and thermogravimetric analysis (TGA) were carried out to determine possible

changes on the AuCu/CeO: catalysts structure during CO-removal from post-reforming streams.

2. Experimental

2.1 Catalyst synthesis

RhPt/CeO2-SiO; catalyst for SRE was prepared according to previous report [17]. Firstly, the CeO»-
SiO2 support was prepared by mixing Ce(NOz)3:6H20 (99.5%, Alfa Aesar, USA) and SiO, (Merck,
Germany), using water as solvent and achieving a Ce/Si molar ratio of 2. The support was dried at 105
°C for 24 h and calcined at 500 °C in a muffle for 4 h. Subsequently, aqueous solutions of rhodium (I11)
chloride hydrate (RhCls-H20) (Aldrich Chem. Co., USA) and chloroplatinic acid hexahydrate
(H2PtCls-6H.0) (Aldrich Chem. Co., USA) were using to load Rh and Pt metals on the support by
incipient wetness co-impregnation, achieving 0.4 wt% of each noble metal (Rh and Pt). The metals-
support mixture was dried at 105 °C for 24 h, calcined at 700 °C in a muffle for 2 h, and sieved

ensuring particle sizes between 74 and177 pm.



Au-Cu/CeO; catalysts for CO removal were prepared with different Au:Cu weight ratios, as shown in
Table 2, by a two-step procedure. Firstly, HAuCls-3H.0 (99.9%, Sigma Aldrich, USA) was dissolved
in water and the pH of the solution was adjusted to 6 with NaOH (0.1 M); then, CeO- (labelled as
“Ce”) was added and heated to 80 °C under continuous stirring for 2 h [20]; the resulting slurry was
filtrated, washed with water, and dried at 105 °C for 24 h. Afterwards, the required amount of
Cu(NO3)2-3H20 (99%, Sigma Aldrich, USA) was used as Cu precursor and loaded to the previous
prepared Au/CeO- catalyst by incipient wetness impregnation [23]. The total metal loading (Au+Cu)
was 2 wt% in all catalysts. Catalysts were dried at 100 °C for 24 h, calcined in muffle at 500 °C for 2 h,
and sieved to ensure a particle size between 74 and 177 um. These samples were labeled as “fresh” (F)
catalysts. The prepared AuCu/CeOQ; catalysts were represented as AuxCuz/Ce (x=0, 0.5, 1.0, 1.5, and

2.0), where x indicates Au loading (wt. %).

Table 2. AuCu/CeOocatalysts evaluated in the CO removal from post-reforming streams

Au Cu Au: Cu

Sample*? (WL%) (WL%) (wi-ratio) Weight loss of used samples (%)3
Total ATI1 AT2 AT3

CeO2 (Ce) - - - 5.1 2.5 1.6 1.0
Cuzo/Ce 0 2.0 0:1 2.1 1.3 0.4 0.4
AuosCu1s/Ce 0.5 1.5 1:3 1.9 1.4 0.3 0.2
Auz0Cuz0/Ce 1.0 1.0 1:1 2.0 1.4 0.4 0.2
Au1oCuio/Ce (NR) 1.0 1.0 1:1 4.6 3.6 0.4 0.6
Aui0Cuio/Ce (R) 1.0 1.0 1:1 2.3 2.0 0.2 0.1
Auz5Cuos/Ce 1.5 0.5 31 1.7 0.9 0.3 0.5
Au,0/Ce 2.0 0 1:0 1.6 0.8 0.3 0.5

1Sub-cript in catalysts corresponds to the nominal metal loading.

2NR: no reactivated sample during stability tests, and R: reactivated sample during stability test by in
situ reduction cycles.

3Measured by TGA. AT1: 80 — 250 °C, AT2: 250 — 600 °C, and AT3: 600 — 1000 °C.



2.2 Catalytic tests

SRE was carried out over a RhPt/CeO,-SiO> catalyst in a fixed-bed reactor (ID of 12 mm) at 700 °C,
atmospheric pressure, and under Kinetic control (i.e., avoiding external and internal mass transfer
limitations), according to the procedure described elsewhere [17]. The catalytic bed was made of 50
mg of RhPt/Ce02-SiO2 and 250 mg of inert quartz particles. RhPt/CeO--SiO- catalyst was reduced in-
situ with 8% H2/N2 (300 mL/min) at 700 °C for 1 h. SRE was conducted at 6.4 + 0.2 L*gcar **min of
space velocity (SV) (GHSV=63,500 h™) to avoid mass transfer limitations in the system. The feed was
0.03 mL/min of synthetic bioethanol (water/ethanol with a stoichiometric molar ratio of 3). Before
entering the reactor the feed was diluted in Ar to achieve 1.8 and 5.4 mol% of ethanol and water,
respectively, in the inlet stream. The SRE catalytic stability test was conducted for 120 h time-on-
stream (TOS) using the conditions described above. Steady state SRE product distribution was reached
after 30 min (see Supplementary Material, Figure S1), achieving yields of 5.1 + 0.2 for Hp, 1.3 + 0.2 for
CO, 0.2 £ 0.03 for CO2, and 0.5+ 0.03 for CHa; furthermore, product distribution remained stable,
indicating that SRE’s product distribution over RhPt/CeO»-SiO2 would not be a relevant variable

during the CO-removal in post-reforming streams.

When the SRE’s product distribution was stable (i.e., after 30 min), the SRE output was directly
connected to the CO removal reactor to carry out the catalytic evaluation of CO conversion in actual
post-reforming streams. The effluent stream from SRE was mixed with dry air, to achieve a O2/CO
molar ratio of 0.9 £ 0.04 in the inlet of the CO removal reactor: O./CO ratio was selected based on
preliminary tests (see Supplementary Material, Figure S2), where the 0.9 ratio favors the CO

conversion and mitigates Hx losses, similarly to results reported by [24]. Likewise, water in post-



reforming was not condensed because activity and selectivity were slightly improved above 180 °C by
water presence (see Supplementary Material, Figure S3), in agreement with [23]. Catalytic tests were
started at 300 °C and the temperature was decreased in 20 °C intervals until 60 °C (continuous
sequence, 20 min at each temperature) in a plug flow reactor (ID=12 mm). External and internal mass
transfer limitations was controlled as reported in [17]. The catalytic bed was made of 50 mg of catalyst
sample (Au-Cu/Ce catalysts shown in Table 2) and 250 mg of inert quartz particles. A SV of 6.5 £ 0.2
L*gear *mint was used in the CO removal reactor. All catalysts samples were reduced in-situ with 8
mol% Ha/Ar at 300 °C for 1 h, degassed in Ar at 300 °C for 30 min, and stabilized in 10% air/Ar at 300
°C for 30 min. These samples were labeled as “reduced—oxidized” (R-O) catalysts. Samples used in
catalytic evaluation were labeled as “used” (U) catalysts. CO-removal stability tests with several
reactivation treatments were conducted on Auz.0Cus1.0/Ce at 210 °C for 95 h TOS. Specifically,
reactivation treatment consisted in in-situ catalyst reduction with 8 mol% Hz/Ar at 300 °C for 1 h at
intervals of 24 h; this treatment was selected after evaluating several methods to reactivate the catalyst
(see Supplementary Material, Table S1). The sample used during the stability tests without reduction

treatments was labeled as “NR”, and the in-situ reduced sample as “R” catalyst.

The outlet products of the SRE and CO-removal reactors were measured on-line by gas
chromatography (Perkin Elmer, USA). The GC was equipped with an Innowax column (30 m, 0.53
mm ID, Perkin EImer, USA) connected to a flame ionization detector (FID) and a Carboxen 1010 plot
column (30 m, 0.53 mm ID, Restek, USA) connected to a thermal conductivity detector (TCD), using
Ar as carrier. This configuration allowed measuring CO, CO2, Hz, CHa, ethylene, and ethanol. Carbon

elemental balances between inlet and outlet of each reactor were measured in all tests.



CO conversion (x;) and yield for each detected product were calculated by Eqgs. 6 and 7.

Fi,inlet _Fi,outlet
x; = Y Y %100 Eq. 6
Fi,inlety
Yieldi — Fi,outlet CO-removal Eq 7
Cinlet SRE

Where F; ine¢ 4 is the mole flow (mol/min) of species i (ethanol, Hz, CO, CHa, or CO) entering to the
reactor y (SRE or CO-removal) and F; 5,,¢e¢ o is the mole flow (mol/min) of unreacted species i

detected by GC in the outlet of the corresponding reactor.

2.3 Catalytic characterization

The catalyst surface area was determined by the single-point BET surface method in a ChemBET
Pulsar TPR/TPD unit (Quantachrome Instruments, Boynton Beach, FL, USA). 70 mg of samples were
previously degassed in He (20 mL/min) at 120 °C for 1 h; surface area was measured with 30% N, /He
(20 mL/min) as the adsorption gas, at liquid nitrogen temperature. The measurement was repeated until

a deviation less than 5% was obtained.

XPS spectra of catalysts were obtained using an VG-Microtech Multilab electron spectrometer
(Thermo-Scientific, Waltham, MA, USA) with a twin anode radiation source in the Mg Ka (1253.6 ¢V)
constant energy analysis mode and an energy flow of 50 eV. The analysis chamber was maintained at
5.10 x 10°® Pa. The C 1s line was set at 248.6 eV. The binding energy (BE) values were obtained with

a precision of 0.2 eV using the Peak Fit program of the spectrometer control program.
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TEM was carried out in a JEOL JEM-2010 microscope at 200 kV coupled to energy-dispersive X-ray
spectroscopy (EDX, INCA Energy TEM100, Oxford Instruments, Abingdon, UK) with a Si(Li)
detector, 30 mm? detection area, and 142 eV resolution. Samples were dispersed in ethanol by
ultrasonic vibration and dropped on a carbon film-coated copper grid. The active metal particles were
measured with ImageJ software. The mean particle diameter was calculated according to Eq. 8, where

n; is the number of particles and d; is the particle diameter [25].

T Tind}
P ¥inga?

TGA using a thermogravimetric analyzer (Mettler Toledo, Columbus, OH, USA) were performed to
measure moisture, residues, and deposits on catalyst samples. Each sample (20 mg) was previously
degassed in N2 (20 mL/min) at 100 °C for 1 h and then heated from 30 to 1000 °C in air (5 °C/min, 100
mL/min flow rate). Weight loss reported for used samples includes the subtraction of the weight loss

obtained in R-O samples.

3. Results and discussion

3.1. Activity and selectivity of AuCu/CeO: catalysts during CO-removal

Figure 2 shows CO conversion, Hz loss, and CO2 and CHjs yield over AuCu/Ce catalysts between 60
and 300 °C; the feed is the post-reforming stream. At 210 °C, CeO; achieved a maximum of 55% CO
conversion (Figure 2a) with 15% H. loss (Figure 2b). Moreover, CO2 and CH4 were produced at rates
of 0.3 mol CO2/mol CO inlet (Figure 2¢) and 0.05 mol CH4/mol CO inlet (Figure 2d). These results

show that CeO2 mainly promoted CO-PROX (Eg. 2) with small amounts of methanation (Eg. 3 and 5).
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This behavior can be related to the support activation. In fact, H> decomposition and methanation are
favored on catalysts with a reduced surface [22]. Oppositely, CO adsorbed (COag) reacts with support’s
lattice oxygen available over unreduced surfaces, favoring CO oxidation and avoiding methanation
[26]. In this work, all catalysts samples were reduced in-situ with Hz/Ar for 1 h, degassed in Ar for 30
min, and stabilized in air/Ar for 30 min. Thus, CeO. mostly promoted CO-removal by CO-PROX, but

produces small amounts of CH4 by methanation probably due to the H. pretreatment.

Figure 2.

Catalytic performance of AuCu/Ce catalysts with different Au:Cu weight ratios was evaluated in CO-
removal of the post-reforming stream. A volcano-shape was observed in CO conversion with
temperature (Figure 2a), due to the thermodynamic limitations of this reaction at high temperature.
Besides, when Au loading increased, CO conversion was favored (Figure 2a) because Au is 9 times
more active than Cu in WGSR (Eg. 1) and CO-PROX (Eq. 2) reactions [27]. Also, Au favors
simultaneously CO and O adsorption, reducing the activation energy of CO oxidation [12], and
promotes changes in the surface of the catalyst, favoring CO oxidation [28]. Thus, Au inclusion on
AuCu/Ce catalysts fosters CO removal by possible changes in the catalysts structure, as will be

addressed below (“Catalysts characterization”, Section 3.3).

Au:Cu ratio in the AuCu/Ce catalysts also affected Hz losses, which is undesirable. Two zones were
identified for H losses on AuCu/Ce catalysts (Figure 2b). Between 60 and 175 °C H: losses increased
with temperature, as expected [29]; catalysts with high Au content (Au..0/Ce, Au15Cuos/Ce, and

Auz0Cuz0/Ce) showed the higher H> losses. Between 175 and 300 °C, on the other hand, H> losses tend

12



to decrease, mostly on Au1sCuos/Ce and Au1.0Cuz.o/Ce. Active sites for CO-PROX on Au/Ce is a
combination of Au® and Au*—OH-species [30], where Au® activates O2 molecules and OH™ groups
provide the pathway for the CO> formation, which is an effective way to remove CO. Meanwhile,
reduced Cu interacts directly with CO to form COz, helped by the near oxygen vacancies [31], ensuring
high CO; selectivity of Cu/Ce. Thus, despite the Au mechanism is considered more effective to CO
decomposition [27], the Cu mechanism could achieve lower H> losses because it does not involve H*

species in the CO removal.

CO; yield on AuCu/Ce catalysts also displays different behavior with temperature, Figure 2c. Between
60 and175 °C, CO yield increases with temperature, the change being more pronounced on Cu..0o/Ce,
AuosCuzs/Ce, and Au1.0Cus.o/Ce. Decrease of CO- yield at higher temperatures maybe the result of a
competition between CO and H> oxidation [32]. Figure 2d shows that the CH4 formation is mainly
promoted at intermediate temperatures (110-190 °C), especially on Au,.0/Ce, Au15Cuos/Ce, and
Auz0Cuyo/Ce. High CH4 yield was not expected because Au- and AuCu-supported catalysts are
recognized to avoid methanation during CO-PROX of synthetic post-reforming stream [27]. However,
Wang at al. [31] evaluated Au-supported catalysts for CO-PROX, reporting both CO and CO;
methanation at 160 °C, with 97% CO conversion on Au/Ce. Thus, AuCu/Ce catalysts could favor
methanation under certain conditions. The H> loss profile matches that of CH4 yield (Figure 2b and d).
Accordingly, Au10Cus.0/Ce catalyst showed the lower Ha losses (25%, see Figure 2b) with complete
CO conversion at 210 °C (see Figure 2a). However, Hy losses are still elevated compared to the
recommended goal (<5% [33]) for CO-PROX. Independent evaluation of WGSR, CO-PROX, CO-
methanation, and CO.-methanation on Au10Cus.0/Ce catalyst (see Supplementary Material, Figure S4)

revealed that CO removal on actual post-reforming stream is not a cumulative contribution of the CO-
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removal reactions. The high CO concentration and the complex network of reactions in an actual post-
reforming stream could favor Hy losses greater than 5%. Thus, despite the high H> loss, CO-removal of
post-reforming streams on Au1.0Cus.o/Ce catalyst at 210 °C ensures FC-grade Hz. Therefore, stability
tests were carried out to evaluate this FC-grade H production, to identify the catalyst stabilization
time, and to check the possible abrupt changes that could shift the behavior of the catalyst outside the

narrow operation window observed in Figure 2.

3.2. Stability of the coupled SRE/CO-removal system

Catalysts stability and productivity are the most relevant industrial parameters [34]. So, these
characteristics must be established prior to a catalyst extensive application. Thence, Au1.0Cu.0/Ce
catalyst was subjected to a stability tests at 210 °C. In preliminary tests (see Supplementary Material,
Figure S5), Au1oCu1.0/Ce catalyst showed rapidly deactivation during 40 h TOS, accompanied by a
high CH4 production. Thus, several reactivation treatments were carried out (see Supplementary
Material, Table S1 and Figure S5). An in-situ reduction (treatment 4 in Table S1) with 8 mol% Ha/Ar
stream (300 mL/min) at 300 °C for 1 h followed by a degasification in Ar at 300 °C for 30 min was
selected as treatment to avoid catalysts deactivation. Figure 3 shows the catalytic performance of the
Auz0Cuy o/Ce catalyst undergoing the reactivation treatment every 24 h. Complete CO conversion was
observed when the catalysts was periodically reduced (see Figure 3a), suggesting that a reduced
catalyst surface is paramount in the CO removal. In fact, Au-Cu alloy formation [23] increases surface
oxygen mobility [10] and improves the Cu redox properties [13], which are key factors to favor CO
oxidation, whereas excessive surface oxidation by the presence of oxidants in the gas phase could
quickly affect catalytic activity [10]. Thus, accumulative surface oxidation by O, and water could

reduce the catalytic activity, requiring the reduction cycles.
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Figure 3

H> loss (e.g., conversion) are also shown in Figure 3a. After 1 h, H» losses decreased rapidly, achieving
9% at 9 h, followed by increasing and decreasing intervals. However, after the first reduction treatment,
H> conversion was kept lower than 14%. Bimetallic catalysts supported on CeO2 tend to experience
surface rearrangements under both reducing and oxidizing atmospheres [35], affecting the catalytic
performance. These rearrangements have been linked to the modification in the number of oxygen
vacancies [36] which are involved in the oxidation mechanism [31]. Figure 3b shows CO; and CHa
yield with TOS and reactivation cycles. Decrease of CH4 and increase of CO> production are observed
at the same time than Hz losses decrease. Thus, methanation activity of the catalyst declined with TOS;
furthermore, CH4 consumption was observed in the reduced sample, indicating that CHs decomposition
or reverse methanation could be taking place. This behavior could explain the increasing CO; yield and
the mitigation of H losses with TOS. Indeed, CH4 increased rapidly in N-R samples at 23 h TOS (see
Supplementary Material, Figure S5). Caputo et al. [37] reported that the reduction process contributes
to Cu redistribution and stabilization on CuO/CeO. Thus, TOS could favor a rearrangement on the
catalyst surface, which reduces CH4 formation and Hz losses. Nonetheless, oxidant species such as O
and water could affect the catalyst activity and selectivity, favoring a rapid deactivation. Periodic in-
situ reduction could mitigate this accumulative surface oxidation, achieving high activity with less H»

losses.
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In this way, BET surface area, XPS, TEM, EDX, and TGA analyses were employed to identify the
changes in the catalytic structure of AuCu/Ce catalysts resulting from Au:Cu ratio and TOS, which

would enlighten the phenomena that is occurring during the CO-removal of post-reforming streams.

3.3. Catalysts characterization

Possible rearrangements in the catalyst structure by the presence of Cu and Au, and the operating
conditions, could explain the catalytic behavior of AuCu/Ce during the CO removal from post-
reforming streams. Thus, textural and morphological properties of AuCu/Ce catalyst were studied by

BET surface area, XPS, TEM, EDX, and TGA.

3.3.1 BET surface area

BET surface areas of AuCu/Ce catalysts are shown in Figure 4. Surface area of the catalysts which
were activated by reduction-oxidation (R-O) increased with Cu content, reaching a maximum of 84
m?/geat for Cuz.0/Ce. Nagaraja et al. [38] found that the BET surface area started increasing with
increase in Cu loading on Cu/MgO due to the formation of CuO, which may cause changes in the
crystallinity of the support. However, the presence of a second metal in Cu catalysts would mitigate
CuO formation [39]. Thus, Cu inclusion in AuCu/Ce catalysts could promote changes in CeO>
crystallinity, causing an increase in their BET surface area. A direct relationship between catalytic
activity and catalysts surface area was not detected in this study, but the high CO; selectivity found in
Cu catalysts could be attributed to their larger specific surface areas due to a higher Cu dispersion [40],
which increased the availability of oxygen vacancies. However, BET surface area decreased after use
(U samples), mostly with high Cu loadings (Au1.0Cu1.0/Ce, AuosCuis/Ce, and Cuz.0/Ce), suggesting

that these catalysts could be more susceptible to surface changes and formation of carbonaceous
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deposits with TOS. Likewise, samples used in stability tests showed a higher decreasing in surface
area, especially on NR samples, which showed a 13.6% BET area reduction. Therefore, the post-
reformed atmosphere could be favoring changes in the surface area of the catalyst, which could be

mitigated by periodic reduction cycles.

Figure 4.

3.3.2 XPS

Oxidation states of the elements on AuCu/Ce catalysts were evaluated by XPS. Figure 5 shows the
XPS spectra of Cu, Au, and Ce in AuCu/Ce catalysts before (R-U) and after (U) CO-removal reaction.
The amount of each species was determined by integration of each characteristic peak. In R-O catalysts
(see Figure 5a), three oxidation states were identified in Cu 2ps2: Cu® (931 eV [41]), Cu* (933 eV
[42]), and Cu*? (939 and 942 eV [43]). Most Cu species corresponded to Cu®. The Cu®/Cu proportion
was slightly higher in AuosCu1s/Ce (0.52) and Au1.0Cuz.0/Ce (0.51), compared to Cuz.0/Ce (0.46),
indicating that Au favors Cu reduction (Cu was not detected by XPS on Aui15Cuos/Ce, possibly
because of the low Cu loading in this sample). Nonetheless, Cu® is not an active species for CO
oxidation [44], so its presence indicates a loss of active sites. This explains the activity decrease when
the Cu loading increased in the catalyst (see Figure 2a). In contrast, Cu® is the main active site in CO-
PROX over Cu catalysts as a result of its strong association with ceria (Cu-O-Ce) [45] and the fact that
it acts as a selective adsorption site for CO, promoting CO- formation [46]. Therefore, a certain amount
of oxidized Cu (Cu*?) sites is necessary to inhibit H, dissociation [46]. The Cu*/Cu*?ratio in AuCu/Ce
decreased in the order: Cuz0/Ce (1.2) > AuosCuss/Ce (0.9) >Au10Cuzo/Ce (0.7). Elevated amounts of

Cu* species on Cua.0/Ce and AupsCuis/Ce could be linked to the superior CO- yield of these catalysts
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(see Figure 2c and d). However, a Cu*? species deficiency on these catalysts could be associated with a
high H> oxidation compared to Au1.0Cu1.0/Ce (see Figure 2b at temperatures between 170 and 255 °C).
Thus, Au1oCui.o/Ce seems to have the right Cu*/Cu*? ratio to ensure high activity, with lower hydrogen

loss.

Regarding Cu in U samples (Figure 5b), Au1.0Cuz.0/Ce and Cuz0/Ce catalysts showed an increase in
CuPand Cu* species, decreasing Cu*? species. Even in Au1oCui.o/Ce, the decrease was so drastic that
Cu*? was not detected. Hence, these catalysts could favor high CO; selectivity, but could be also
susceptible to lose activity and promote high H. oxidation under operation. AuosCu15/Ce showed an
increase in Cu*?2 at the expense of Cu®and Cu*, which would favor activity, but is undesirable for CO2
selectivity. The oxidation of Cu could be ascribed to the presence of oxidants as O and water, and the

diffusion of lattice oxygen to the surface [47].

Figure 5.

Figure 5¢ shows XPS spectra of Au 4f for fresh, R-O samples. The characteristic peak of Au® around
84 eV was observed. The shift to lower BE (~ 0.3 €V) could be associated with an increase in electron
density by the presence of Cu [23]. Au® and Au®* could interact with COag, but Au°-CO,q Species are
most reactive with O, [48]. It is expected that the Au-CeO; interaction involves a charge transfer,
leading to Au oxidized species [49]. However, oxidized species as Au* (85 eV [23]) and Au* (86eV
[49]) were not detected, indicating that Au have a slight interaction with CeO2, which increases Au
activity. In used samples (Figure 5d), no significant changes were observed and only Au® was detected.

Thus, alterations in Au oxidation state by operation were not identified on AuCu/Ce catalysts.
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Figures 5e and f show XPS spectra of Ce; symbols of V and U represent the spin—orbit coupling of
3ds2 and 3dss, respectively, associated with Ce*® and Ce** species. Deconvoluted peaks of VO, V7, U°,
and U” could be ascribed to Ce,03 (Ce*3), while V, V', V""", U, U”", and U correspond to CeO;
(Ce**) [50]. Ten peaks were observed in all AuCu/Ce catalysts, indicating that CeO; is partially
reduced. Partial reduction of Ce** to Ce*® generates oxygen vacancies, which dissociates CO2 into COqg
species [51], and favor oxygen mobility, which can act as an oxidizing agent [47]. Table 3 shows the
relative atomic content of the main species on AuCu/Ce catalysts. The Ce*3/Ce* ratio for AuCu/Ce
catalysts increased with Cu loading, which could be linked to the incorporation of Cu species into the
lattice of CeO; and Cu* formation [52]. Thus, high selectivity of AuCu/Ce catalysts with high Cu
loading could be associated to a synergetic effect of the redox characteristics of Cu and CeO2, which
are associated to the presence of both Cu*™ and CeO2 oxygen vacancies. In addition, small crystal size of
CeO: is expected when vacancies increase on surface [53], which could be related to the increase in
BET area with Cu content (Figure 4). Oxygen vacancies contribute to the CO, decomposition and lead
to the re-oxidation of Cu* and Ce*®[54]. Then, the amount of oxygen vacancies must be stable to keep
the catalytic cycle. Ce*3/Ce** ratio decreased in Cuz.o/Ce and AuosCuss/Ce, remained constant in
Au1,0Cu1.0/Ce, and increased in Auz/Ce and Au1s5Cuos/Ce, indicating that Cu promotes the oxidation
of CeO, under operation. The slight Ce*® formation under reaction conditions could be ascribed to the
reductive features of Au [55]. Thus, Au1oCu1.0/Ce has favorable Cu and Au loadings to promote and

retain oxygen vacancies on the catalysts.

Table 3. Relative atomic content of main species on AuCu/Ce catalysts from XPS
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Ce*3/Ce™  OlCe Cu/Ce (10%) Au/Ce (10%)

Catalyst
R-O U RO U E RO U E RO U E
Cuz.0/Ce 09 07 22 32 20 101 92 55 0.0 0.0 00
AuosCuys/Ce 0.7 0.6 12 22 20 82 6.1 41 10 11 04
Au1.0Cuzo/Ce 06 0.6 29 37 20 61 28 27 10 12 09
Au10Cuyo/Ce (NR) 0.4 3.9 2.7 1.2
Au1,0Cu1.0/Ce (R) 0.6 3.3 5.9 1.2
Au15Cuos/Ce 05 0.7 28 36 20 ND ND 14 11 14 13
Auzo/Ce 05 06 36 35 20 00 00 00 14 15 17

NR: no reactivated sample during stability tests and R: reactivated sample during stability test by in situ

reduction. E: expected value. ND: no detected.

Relative atomic content of Cu and Au on CeO: surface is shows in Table 3. Higher Cu contents —with
respect to the expected values (E)— were observed, indicating that Cu was deposited preferentially on
the CeO> surface. Meanwhile, Au content on the surface of R-O samples is near to the expected value

for fresh catalysts, indicating that Au could be adsorbed into the CeO> bulk.

XPS of O (not shown) indicates the presence of three main species: O related to the lattice oxygen in
CeO> about 529 eV, surface oxygen, and surface OH" species, both associated to the peak at 531 eV
[49]. Surface oxygen (Os) and OH" groups play an important role in the catalytic activity and
selectivity. Os can react with CO in the gas phase or with the COaq4, Which are formed by decomposition
of CO over the oxygen vacancies, to produce CO [18]. OH" species are intermediates required to CO-
PROX on Au catalysts [30]. In R-O samples, significant changes in Os and OH" species by Au:Cu ratio
were not identified and, in average, a 21% of oxygen detected corresponded to Os and OH" species.

However, in used samples the amount of Os and OH" species increased, especially when the Au loading
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was higher than 1 wt%. Also, the relative amount of oxygen on the surface increased in all catalysts
after reaction (see Table 3). Au is a recognized metal to promote OH" formation [30], which could
augment by water decomposition [23]. Despite the inclusion of OH™ groups is considered an effective
way to CO decomposition in CO-PROX [27], the excess in OH™ species could promote high amount of
carbon intermediates [56], which could be hydrogenated easily [57]. In fact, the presence of OH"
species has been linked to simultaneous WGSR and CO-methanation [57]. Therefore, the inclusion of
Au in AuCu/Ce catalysts could favor the formation of OH"species under reaction conditions, which

increases the activity but could also affect the selectivity by hydrogenated carbon intermediates.

After TOS, NR sample (Table 3) shows an increase of the relative abundances of Cu® and Cu*2 by 2
and 14%, respectively, meanwhile Cu® decreases by 19% with respect to the R-O sample. These
changes could explain the drastic reduction in selectivity observed after 23 h TOS over this samples
and the deactivation after 40 h TOS (see Supplementary Material, Figure S5). Increase in Cu*? species
could be associated with an accumulative surface oxidation during operation [47]. In R sample, relative
abundances of Cu* and Cu*? increased by 24 and 7%, respectively, meanwhile Cu® decreased 14%
respect to the R-O sample. Increase in Cu* and Cu*? could simultaneously mitigate both H, oxidation
and CH4 formation, reducing H: loss, as observed in Figure 3a. Hz pretreatment reduces Cu species
[47], which could be undergoing subsequent partial oxidation during reaction. Thus, the in-situ
reduction-oxidation pre-treatment proposed in this work could balance the amount of Cu®, Cu*, and

CuOx species on the catalyst.

Changes in Au oxidation states between R-O and samples evaluated in stability tests (NR and R) were

not detected. Ce*3/Ce** of NR decreased 33% while remained constant in R sample respect to R-O
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sample (Table 3). Decrease in Ce*3/Ce** is associated with the reduction of oxygen vacancies,
indicating that catalytic surface is slightly being oxidized with TOS. Also, a loss in the number of
oxygen vacancies could affect the activity, because of the modification of the catalyst capacity to
oxidize [47]. Therefore, TOS could be promoting accumulative oxidation of the catalytic surface by the
presence of oxidating species, reducing Cu® and oxygen vacancies species, which are necessary for CO
oxidation. However, proposed reduction cycles could avoid excessive surface oxidation, favoring high

activity and improving selectivity.

3.3.3TEM

Figure 6 shows the TEM micrographs and particle size distribution of AuCu/Ce catalysts. The average
particle sizes obtained from the TEM analysis are listed in Table 4. As Cu may form irregular, highly
dispersed particles [37], it was not clearly identified in TEM micrographs; moreover, there is not
enough contrast between active particles and support. In R-O samples, average active particle diameter
of Au increased with Cu loading, suggesting that Cu promotes Au agglomeration or alloy formation.
Laguna et al. [12] reported that the presence of Cu*2 segregated on the surface avoids Au sintering. An
appreciable amount of Cu*? species were identified by XPS; so, the increase in active particles by the
Cu presence could be ascribed to an alloy formation. In used samples (U), average active particle
diameter increased with respect to R-O samples. This change is more significant when Cu loading

decreased, which could be associated with Au enrichment on the surface, observed by XPS.

Figure 6.
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On the other hand, interaction between active metals and support could be assessed by the evaluation of
interplanar distances [17]. The typical interplanar distance of 0.30 nm associated to CeO- (100) and
0.27 nm to CeO> (111) [58,59] were identified in all AuCu/Ce samples (see Figure 6a, b, and c). These
configurations have been linked to the formation of OH" from water dissociation and the reduction of
Ce** to Ce™® [60]. Thus, the high Os and OH" species density on the surface of used AuCu/Ce catalysts
detected by XPS may be the result of water decomposition on CeO.. Interplanar sizes of 0.18 and 0.24
nm correspond to Cu (111) and Cu (200) [61]. Also, Wanget al. [62] linked 0.30 nm distance to Cu.O
(Cu*) formation, which matches with Cu XPS spectra. However, this value is the same of the
interplanar distance of CeO> (100), thus it was not possible to establish a clear difference between the
two configurations by TEM. Cu (111) and Cu (200) configurations were identified in all samples (R-O,
U, NR, and R), as presented in Table 4. Cu (111) promotes the adsorption of H.O without dissociation,
mitigating OH" formation but also favoring oxidation of COa.q to CO> [18]. For Au, spacing of 0.236
nm has been reported by (111) lattice planes [62]. Similar interplanar distance and configuration of Cu
and Au could promote alloys. Au-Cu alloy formation could have interplanar spaces between 0.19 and
0.23 nm [23], which were observed in bimetallic AuCu/Ce catalysts (see Figure 6b), indicating a
possible Au-Cu alloy formation on bimetallic AuCu/Ce catalysts. Bracey et al. [63] suggested the Au-
Cu alloy formation and stabilization requires a reduction treatment. Therefore, H, pretreatment could
favor the Au-Cu alloy formation in bimetallic AuCu/Ce samples, which could be related to changes in
activity and product distribution in the bimetallic samples compared to the monometallic ones (Figure

2).

Table 4. Morphological characteristics of AuCu/Ce catalysts obtained from TEM
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Metal average

surface-area-weighted

Metal dispersion

Interplanar sizes (nm)

Catalysts diameter (dp, nm)?
R-O U R-O U

Cuzo/Ce - . - - 0.18, 0.24, 0.25, 0.27, 0.30, 0.34
AugsCus s/Ce 4.87 4.78 22.6 23.0 0.18,0.21, 0.24, 0.27, 0.30, 0.31
AuzoCuso/Ce 4.85 5.07 22.9 21.7  0.19,0.20, 0.21, 0.25, 0.27, 0.30
Au10Cu10/Ce (NR) 4.85 5.6 22.9 19.0  0.19, 0.20, 0.21, 0.25, 0.27, 0.30
Auz0Cuo/Ce (R) 4.85 5.2 22.9 252  0.19,0.20, 0.21, 0.25, 0.27, 0.30
Au15Cuos/Ce 4.66 4.96 23.7 25.2  0.20,0.21, 0.24, 0.27, 0.30, 0.31
Auz0/Ce 4.40 5.22 25.0 21.1 0.24, 0.23, 0.30, 0.31, 0.34

%0btained from TEM. PMetal dispersion defined as 1.1/ds[64]. ‘Measured by TEM.

3.34TGA

The amount of adsorbed and deposited species was evaluated by TGA. Table 2 shows the weight loss

of used samples. To facilitate the analysis, the results were separated into three temperature regions:

AT1: 80 - 250 °C for the loss of water and volatile compounds; AT2: 250 - 600 °C for less stable

deposits; and, AT3: 600 - 1000 °C for more stable ones. CeO- showed the highest weight loss in all

intervals, indicating that the support is susceptible to adsorb species and promote carbon deposition

during operation. Active metals (Cu and Au) reduced this weight loss, stressing their role to avoid

deactivation. Mitigation of stable deposits is most significant in bimetallic AugsCu15/Ce and

Au10Cus.0/Ce. The presence of possible Au-Cu alloys in theses samples, as discussed above,

contributed to mitigate carbonaceous species [23]. The presence of carbon intermediates favors surface

carbon during CO-PROX [65]. As discussed in previous sections, carbon intermediates were favored

by OH" species, which are formed on CeO2 and Au. Thus, OH" groups could contribute to the excess of

carbon intermediates which could be hydrogenated to produce CH4 or carbonaceous deposits. In NR

sample, the amount of stable deposits increased drastically compared to U sample, which could be
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related to the deactivation observed in this sample during stability test (see Figure S-5 in
Supplementary Material). In contrast, R samples showed less deposits compared to U samples. Au-Cu
alloy formation and stabilization under reduction cycles [63] could contribute to mitigate carbon
deposition [23]. Therefore, stabilization of Au-Cu alloys by reduction treatment are required to avoid

deactivation by deposits, which stems from carbon intermediates formed on CeO> and Au.

4. Conclusions

CO removal in an actual post-reforming stream over AuCu/CeO; catalysts with different Au:Cu ratios
was investigated. Post-forming composition remained constant due to the stable RhPt/CeQO,-SiO»
catalyst used during the SRE. This stream was subjected to the CO catalytic cleaning. It was found that
Au presence in the AuCu/CeO:; catalyst favors CO conversion, but affects CO> selectivity.

Auz0Cuy o/Ce catalyst showed the lowest H> lose (25%) with total CO elimination at 210 °C. However,
Ho loss is higher than that reported for synthetic feeds because a complex network of reactions is

present in the real post-reforming stream cleaning.

Characterization tests allowed to identify that CeO, promotes OH" formation from water and interacts
mainly with Cu trough a synergetic effect of the redox properties. Au favors both, H, adsorption and
OH- formation, improving the catalytic activity. While Cu increases the catalyst surface area and
promotes CO, formation, increasing the selectivity of catalysts. Likewise, the similar crystal lattice of
Au and Cu could favor Au-Cu alloy formation, especially under reducing atmospheres. Also, an excess
of carbon intermediates by OH" presence, which are formed on Au, and a high CO concentration in
post-reforming streams was responsible for both undesirable CH4 formation and the presence of stable

deposits on the catalyst. Finally, stability tests showed that Au10Cu10/CeO- catalyst is susceptible to
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rearrangement and cumulative surface oxidation during operation. Moreover, periodic in situ reduction
treatment contributes to the Au-Cu alloy formation and stabilization, maintaining high activity and
reducing Hz loss with time. Au1.0Cus.0/Ce catalyst was active for 95 h TOS, when is reduced every 24
h, achieving fuel-cell grade hydrogen with a minimum of 14% H. loss. However, H: loss by oxidation
and methanation is still high. Thus, currently modification in the composition and synthesis method of

the catalysts are being planned to achieve complete CO removal and H> loss below 5%.
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Figures caption

Figure 1. The general process for energy production from biomass

Figure 2. (a) CO conversion, (b) Hzloss, (c) CO2 and (d) CHa yield for CO removal of a post-
reforming stream on AuCu/CeOQ: catalysts. Inlet stream: 7.8% Ha, 2.0% CO, 0.5% CO>, 0.3% CHg,

1.4% H>0, 1.8% O, 6.8% N, and 79.4% Ar. Total metal loading (Au+Cu) = 2 wt% in all catalysts.

Figure 3: (a) CO and Hz conversion, and (c) CO2 and (d) CHa yield during the CO removal of a post-
reforming stream over Au1oCuzo/Ce catalysts. Intel stream: 7.8% Hz, 2.0% CO, 0.5% CO,, 0.3% CHg,
1.4% H,0, 1.8% O, 6.8% Ny, and 79.4% Ar. Reaction conditions: SV=6.5 + 2 L*gca*mint; 50 mg
of catalyst and 250 mg of inert quartz; 210 °C. Vertical lines show reactivation treatments every 24 h
with an in-situ reduction with 8 mol% Ha/Ar (300 mL/min) at 300 °C for 1 h followed by degassing in

Ar at 300 °C for 30 min.

Figure 4. BET surface area of AuCu/CeO; catalyst samples: after reduction-oxidation(R-O), use (U),

stability without in-situ reduction treatment (NR), and stability with in-situ reduction treatment (R).

Figure 5. XPS spectra of Cu 2p (a and b), Au 4f (c and d), and Ce 3d (e and f) for reduced-oxidized (R-

0) and used (U) samples of AuCu/CeO-catalysts.

Figure 6. TEM images of reduced-oxidized (a) Cu.0o/Ce, (b) Au1.0Cu1.0/Ce, and (c) Auzo/Ce catalysts,

and (d-g) particle size distribution histograms for reduced-oxidized and used AuCu/CeO- catalysts.
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