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% Check for updates Enhancing selectivity towards specific products remains a pivotal challenge

in energy catalysis. Herein, we present a strategy to refine selectivity via
pathway optimization, exemplified by the rational design of catalysts for
methanol steam reforming. Over traditional Pd/ZnO catalysts, the direct
decomposition of key intermediates CH,O* into CO and H, on PdZn alloys
competes with the oxidation of CH,0* to CO,, leading to inferior selectivity in
product distribution. To address this challenge, Cu is introduced to modify the
catalytic dynamics, lowering the dissociation energy barrier of water to pro-
vide more active hydroxyl groups for the oxidation of CH,O*. Simultaneously,
the CO desorption energy barrier on PdCu alloys is elevated, thereby hindering
CH,0* decomposition. This dual functionality enhances both the selectivity
and activity of the methanol steam reforming reaction. By modulating the
activation patterns of key intermediate species, this approach provides new

insights into catalyst design for improved reaction selectivity.

Since Jons Jakob Berzelius first introduced the concept of catalysis, this
field has largely overlooked the aspect of selectivity due to the rela-
tively straightforward nature of the involved reactions, which typically
yields few byproducts'. However, the ability to direct reactions
towards specific outcomes has become paramount as modern energy
catalysis systems have grown with increasing complexity’. Designing
catalysts capable of controlling the product distribution to enhance
selectivity has thus emerged as a key focus®. This precision not only
minimizes energy consumption but also reduces economic losses
associated with product separation and purification**. Nevertheless,
the essence of adjusting selectivity lies in manipulating the activation
energy barriers of competing pathways at the kinetic level’, which
requires a nuanced approach for the modification of the surface
structures and electronic properties of the catalysts from first princi-
ples to favour the desired reaction intermediates and pathways. While
highly challenging, tuning a catalyst’s selectivity not only depends on

the alteration of its physical properties but also involves a deep dive
into the mechanistic intricacies of the reactions.

The pervasive presence of water in virtually all industrially rele-
vant gaseous catalytic reactions has necessitated a thorough exam-
ination of its complex and multifaceted role in influencing the reaction
pathway, especially where water is considered an active participant in
the reaction. The importance of relevant research is exemplified in a
variety of catalytic processes, such as the water-gas shift reaction
(WGS)®, hydrogen evolution reaction (HER), electrocatalytic nitrate
reduction reaction®, and steam reforming reaction®®. The above
reactions are characterized by the adsorption and activation of water
molecules on catalyst surfaces, with the dissociation step being criti-
cally important". Consequently, achieving an atomic-level under-
standing of the water dissociation process and the ability to precisely
control it have merged as key objectives™”. Strategies employed
include enhancing strong metal-support interactions (SMSI)'*?,
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improving electronic metal-support interactions (EMSI)'*", leveraging
size effects’, and alloying’. Additionally, the binding strength of
intermediate species has a direct impact on the distribution profile of
the products, thus playing a role just as crucial as the adsorption and
activation of the reactants in the chemical kinetics of gas—solid cata-
lytic reactions. In this scenario, surface engineering to inhibit the
desorption of key intermediate species as byproducts to support their
participation in subsequent reaction networks has emerged as a
straightforward and smart strategy for tuning the selectivity of cata-
lytic reactions involving tandem mechanisms" .

The effectiveness of modifying the activation dynamics of the key
intermediates and the adsorption strength of byproducts, with an aim
to improve selectivity, is best illustrated by the application of this
approach to modify the reaction pathway for producing hydrogen (H,)
from methanol and water. Amid escalating environmental and energy
challenges, methanol steam reforming (MSR) has gained prominence
as an efficient clean energy technology and a reliable source of CO-
depleted H, for polymer electrolyte membrane fuel cells (PEMFCs)®.
During the MSR reaction, methanol undergoes sequential dehy-
drogenation to form formaldehyde (CH,O*). Investigations®** have
pinpointed CH,O* as a critical intermediate in MSR, and its decom-
position is a primary route for CO production, with the resulting CO
further participating in the water-gas shift (WGS) reaction to form CO,
and H,. Alternatively, CH,O* can be oxidized by the hydroxyl group
(OH*) from water dissociation to formate (HCOO*), which then breaks
down into CO, and H,. The balance between the direct decomposition
and the oxidation of CH,O* is key to modulating the CO/CO, selec-
tivity, which is influenced by the strength of CO adsorption®, and the
reaction energy difference between the above-mentioned reaction
pathways and WGS process®. In this context, palladium-based cata-
lysts emerge as promising candidates because the formation of PdZn
alloys has shown the ability to weaken the Pd-CO bond** and
accelerate the activation of water to promote the conversion of
methanol**”. However, the effectiveness of these structures in redu-
cing CO production remains a subject of debate?*, Their weak inter-
action with CO also raises concerns regarding the effectiveness of
tuning the selectivity, highlighting a need for ongoing research and
optimization. In comparison, conventional copper-based catalysts,
such as Cu/ZnO, rely on strong electronic interactions between Cu®*
species and ZnO,, which facilitate the formation of CuZn alloy-ZnO
active sites. These unique active sites play a crucial role in promoting
essential reaction steps, including water dissociation and the dehy-
drogenation of methoxy (CH50*), thereby significantly enhancing the
MSR reaction efficiency?*”’. This underscores the dominant role of Cu
in the MSR process and points to the potential of bimetallic PdCu
alloys. Such alloys could synergistically combine the benefits of Pd and
Cu, optimizing the adsorption and activation of MSR reaction inter-
mediates and further enhancing overall reaction performance.

Expanding upon this framework, our objective is to refine the MSR
reaction pathways to minimize gaseous CO formation by modifying
the activation dynamics of key intermediates and the adsorption
strength of byproducts. As a demonstration, Cu is introduced to
modify the alloy composition of Pd/ZnO catalysts. Detailed char-
acterizations confirm the preferential formation of PdCu alloys over
conventional PdZn alloys, resulting in significantly stronger adsorption
of CO and an enhanced capability for activated water dissociation.
Consequently, the reaction mechanism shifts from CH,O* decom-
position to CH,0* oxidation over Cu-doped Pd/ZnO. As expected, the
PdCuy/ZnO sample (with an optimal ratio of 1wt% Pd and 1wt% Cu)
shows superior catalytic performance, with a 2.3-fold increase in cat-
alytic activity at 200 °C and a 75% decrease in CO selectivity compared
to those of the undoped Pd/ZnO catalyst. DFT calculations further
elucidate the tuning of the reaction energy diagram over the PdCu
alloy catalysts, favouring the selective production of CO, and H, over
the unintended formation of CO. This strategic approach to designing

catalysts with enhanced selectivity highlights a promising direction for
future catalysis research.

Results

Structural characterizations

A series of PdCu,/ZnO catalysts (subscripts x denotes the Cu content
by weight percentage) were synthesized by incipient wetness
impregnation and reduced in a 10%-H,/N, mixture (100 mL min™) at
300°C for 2h prior to use. For benchmarking purposes, a Cu/ZnO
catalyst with a 1wt% copper loading was also prepared using an iden-
tical procedure. Inductively coupled plasma-optical emission spec-
trometry (ICP-OES) analysis confirmed that the actual metal loading
closely matched the designed values (Supplementary Table 1). The
Brunauer-Emmett-Teller (BET) surface areas of the samples loaded
with Pd and/or Cu only exhibited a slight decrease compared to those
of the pure ZnO support (Supplementary Table 1).

The characteristic peaks of ZnO were observed in the X-ray dif-
fraction (XRD) patterns of all samples (Supplementary Fig. 1). Detailed
scanning in the 40°-45° range revealed the formation of alloys with
distinct features (Fig. 1a). Specifically, Pd/ZnO exhibited a subtle broad
peak at 41.4°, indicating the formation of PdZn alloys®~°*'. Moreover,
for the Cu-incorporated Pd/ZnO catalysts, diffraction peaks were
observed between 42.7° and 42.8°, indicating the formation of PdCu
alloys®**. In addition, CuZn alloys with a diffraction peak at 43.4° were
detected for the Cu/ZnO catalyst®™. Based on these data, the intro-
duction of Cu facilitated the preferential formation of the PdCu alloys
over PdCu/ZnO catalysts. The synthesis of these diverse alloys was
further corroborated by high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images and energy dis-
persive spectroscopy (EDS) elemental mapping, which highlighted the
(111) and (200) crystal planes of the PdZn alloys in the Pd/ZnO sample,
with an average size of 3.5 nm (Fig. 1b and Supplementary Fig. 2a). In
contrast, the PdCu alloys were identified on the PdCuy/ZnO catalyst
through element line-scan analysis, with an average size of 5.9 nm
(Fig. 1c and Supplementary Fig. 2b), compared to 4.3 nm for PdCug s/
ZnO and 6.0 nm for PdCu,/ZnO (Supplementary Figs. 3 and 4).

X-ray absorption fine structure (XAFS) measurements play a cru-
cial role in revealing the hyperfine structure of catalysts at the atomic
scale®. The Pd K-edge X-ray absorption near-edge structure (XANES)
spectra showed that the white line peaks of Pd/ZnO and PdCu;/ZnO
differed from those of PdO but were well aligned with those of metallic
Pd (Fig. 2a)*’*®, Similarly, the Cu K-edge XANES data indicated that the
Cu atoms in both the Cu/ZnO and PdCu,;/ZnO samples predominantly
existed in a metallic state (Supplementary Fig. 5)*°. Further insights
were gained from the Pd K-edge Fourier transform-extended X-ray
absorption fine structure (FT-EXAFS) spectra in the R space; here, the
first shell distance in Pd/ZnO (-2.50 A) was slightly shorter than that in
Pd foil (-2.54 A), and this result is consistent with the formation of PdZn
alloys (Fig. 2b). This deduction was reinforced by wavelet transform
(WT) spectroscopy at the Pd K-edge, where the characteristic peak for
Pd/ZnO (8.0 A™, 2.5 A) differed in k value from that of Pd foil (8.7 A™,
2.5A) with the overlap of the Pd-Zn scattering (Supplementary
Fig. 6a, b)*. A similar variation in the k value was also observed for
PdCuy/ZnO in WT spectroscopy at the Cu K-edge (Fig. 2¢ and Supple-
mentary Fig. 6¢); here, the maximum shifted to a higher k value (8.6 A™,
2.3A) compared with that of Cu foil (8.0A™, 2.2A), and this result
indicated the presence of Pd-Cu scattering. Additionally, the first shell
Pd-Pd bond distance for PdCu;/ZnO (-2.48 A) was shorter than that in
Pd foil (-2.54 A) (Fig. 2b), while, the Cu-Cu bond length (2.34 A), was
longer than that of Cu foil (-2.24 A) (Supplementary Fig. 7). These
results collectively confirm the formation of PdCu alloys on
PdCuy/ZnO.

Quasi-in situ X-ray photoelectron spectroscopy (Quasi-in situ
XPS) analysis provided further insight into the electronic states of Pd
and Cu atoms in the alloy catalysts (Fig. 2d, e). The Pd species were
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Fig. 1| Crystal structure and morphology of the PdCu,/ZnO catalysts.
a XRD patterns of ZnO, Cu/ZnO, and PdCu,/ZnO catalysts in the 40°-45° range.
b HAADF-STEM images and EDS elemental mapping images of Pd/ZnO.

¢ HAADF-STEM images of PdCu,/ZnO, together with the corresponding line-scan
analysis and EDS elemental mapping.

confirmed to exist in their metallic state (Pd®), with binding energy
values at 335.0 eV and 340.3 eV*>*, consistent with the XANES results.
Furthermore, the Pd° binding energies in the PdCu,/ZnO catalysts
exhibited a negative shift relative to the values reported for metallic Pd
(335.6 eV and 340.9 eV)*>*., This shift can be attributed to electron
transfer from Cu or Zn to Pd, driven by the higher electronegativity of
Pd (2.20) compared to Cu (1.90) and Zn (1.65), resulting in electronic
structure modifications in the PdCu and PdZn alloy catalysts. For Cu
species, peaks at 932.6eV and 952.4eV corresponded to Cu’/Cu®™
(Fig. 2e)*>®. In situ diffuse reflectance infrared Fourier transform
spectroscopy of CO adsorption (in situ CO-DRIFTS) further confirmed
the co-existence of Cu® and Cu®" (0 <§<2) in the Cu-containing sam-
ples (Supplementary Fig. 8)°**. Importantly, the proportion of Cu® in
PdCu/Zn0O samples was significantly lower than in Cu/ZnO, suggesting
altered electronic properties and interactions due to alloy formation.
The temperature-programmed reduction with hydrogen (H,-TPR)
profiles revealed a distinct reduction peak for PdCu,/ZnO, whereas, for
Pd/Zn0O and Cu/ZnO, a broad peak that could be decomposed into two
components was observed (Fig. 2f, Supplementary Note 1, and Sup-
plementary Table 2). This pattern indicated the absence of phase
separation between the Pd and Cu species in the PdCu alloys, even
following the oxidation treatment of PdCu;/ZnO prior to TPR
analysis®. This conclusion was corroborated by HADDF-STEM and EDS
analyses of O,-treated PdCuy/ZnO samples, which also confirmed the
retention of phase homogeneity even after oxidation (Supplemen-
tary Fig. 9).

Reaction mechanism
The structural integrity of the alloy phase under reaction conditions is
crucial for elucidating the reaction mechanism. As shown in Fig. 3a and

Supplementary Fig. 10, in situ X-ray diffraction (in situ XRD) analysis
confirmed that the PdCu alloy phase in the PdCuy/ZnO sample
remained stable under a CH;OH + H,0 (500/1000 ppm) atmosphere at
250 °C. Similarly, under the MSR conditions, in situ Raman spectro-
scopy revealed the stability of both PdZn and PdCu alloys. Notably, no
Pd-O bond vibration peak at 639 cm™ was observed**®, further
affirming the absence of Pd oxidation under reaction conditions
(Supplementary Figs. 11 and 12). Furthermore, the near-surface valence
states of metals in the PdCu;/ZnO catalyst were examined using near-
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) under
H,0 or CH30H atmospheres at 300 °C (Fig. 3b, ¢ and Supplementary
Fig. 13). Under humid conditions, the binding energy of Pd species in
PdCuy/ZnO increased by 0.2 eV compared to those under H, or CH;0H
atmospheres (Fig. 3b). Simultaneously, the binding energy of Cu spe-
cies increased by 0.4-0.5 eV (Fig. 3c). These changes in binding energy
are ascribed to the activation of water molecules on the surface of
PdCu alloys. Electron transfer from Pd and Cu species to H,O resulted
in the formation of partially oxidized species, Pd®* and Cu® (0<6<2).

The adsorption strength of the byproduct CO plays a crucial role
in the product selectivity of the MSR reaction*’, which was investigated
through temperature-programmed desorption of carbon monoxide
(CO-TPD) experiments (Supplementary Fig. 14). The desorption tem-
perature of CO from PdCu alloys over PdCu,/ZnO (11°C) was sig-
nificantly greater than that of the CO desorption from Pd/ZnO at 4 °C
and from Cu/ZnO at 8°C. These results indicated that the binding
strength of CO on the PdCu alloys was relatively strong.

On the other hand, the dissociation of water was crucial in the
MSR process since the OH* generated actively participated in the
transformation of CH,0* to HCOO*. Next, in situ Raman spectroscopy
was employed to assess the water dissociation capabilities of the Pd/
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Zn0 and PdCuy/ZnO catalysts (Fig. 3d, e). The initial Raman spectrum
of Pd/ZnO at 25 °C exhibited four peaks (Fig. 3d). The three peaks at
325cm™, 431ecm™, and 573 cm™ were assigned to different optical
modes of ZnO***°, while the faint peak at 639 cm™ was attributed to the
vibrational mode of Pd-O bond**, likely formed due to the partial
oxidation of Pd in air. Upon the introduction of water, this Pd-O peak
significantly increased and was further intensified with increasing
temperature; these results indicated that water could act as an oxidant
to transform the metallic Pd to PdO, (0 <x<1). The same experiment
was carried out on PdCu,/ZnO (Fig. 3e), where a notably stronger Pd-O
peak was observed compared to that of Pd/ZnO at the same tem-
perature (Fig. 3f). As shown in Supplementary Fig. 15, formation of
PdO, was accompanied by the appearance of OH* (3651cm™,
3672 cm™, 3708 cm™, and 3744 cm™)****%!, corroborating the occur-
rence of the effective water dissociation. Apparently, the formation of
PdCu alloys enhanced the water dissociation ability, which could
facilitate the conversion of CH,O* to HCOO*. The enhanced redox
capabilities of the PdCu,/ZnO catalyst were subsequently confirmed
through temperature-programmed oxidation with oxygen (O,-TPO)
experiments, which showed lower oxidation temperatures of the metal
species than those in Pd/ZnO (Supplementary Fig. 16).

To assess how the addition of Cu modifies the reaction pathways
in MSR, in situ diffuse reflectance infrared Fourier transform
spectroscopy-mass spectrometry (in situ DRIFTS-MS) studies were first
conducted to elucidate the reaction mechanism over Pd/ZnO. As
depicted in Fig. 3g and Supplementary Table 3, the surface methoxy
species (CH;0% 2814 cm™ and 2931 cm™)*® resulting from methanol
dehydrogenation were observed when the Pd/ZnO catalyst was
exposed to a CH30H/H,0/N, mixture at 50 °C. As the temperature
increased to 300 °C, the intensity of the CH;0* peak decreased due to
conversion depletion and temperature-dependent desorption and

then eventually began to increase again due to increased generation
rates of CH50* at high temperatures. Moreover, the formation of the
formate species (HCOO*)"® and CO was confirmed by the appearance
of peaks at 2867 cm™ and 2202 cm™ *? on the Pd/ZnO catalyst at 50 °C
and 110°C, respectively. By integrating the area of the peak at
2867 cm™, the temporal change in HCOO* closely followed the trend of
the H, MS signal (Fig. 3i), with both HCOO* and H, starting to increase
at 170 °C. These results indicated that HCOO* acted as a crucial inter-
mediate in the generation of H, via the MSR reaction on Pd/ZnO.
However, the evolution of the HCOO* peak area did not mirror the
behaviour of the gaseous CO product, indicating the existence of two
distinct transformation pathways for CH3O* on the Pd/ZnO catalyst:
one leading to HCOO* and subsequently to H, and the other possibly
leading directly to CO.

During the MSR process on the PdCu;/ZnO catalyst, the formation
of CH30* species and HCOO* were evident (Fig. 3h). Notably, the peak
intensity of the HCOO* species (2867 cm™) significantly increased at
140 °C and increased with increasing temperature. This increase in the
HCOO* signal strength on PdCu,/ZnO correlated with a substantial
increase in H, production at 140 °C (Fig. 3i), revealing the pivotal role
of HCOO* as the key intermediate for H, production during the MSR
reaction. Notably, gaseous CO was absent on the PdCuy/ZnO catalyst
throughout this process. Furthermore, in situ DRIFTS-MS analysis
revealed a more pronounced presence of HCOO* than on Pd/ZnO,
accompanied by a higher yield of H, and negligible formation of gas-
eous CO. This observation was in alignment with the anticipated per-
formance of PdCu;/ZnO from the above CO-TPD and in situ Raman
experiment results. The significant contribution of HCOO* to H, pro-
duction was also corroborated by in situ DRIFTS-MS measurements
conducted over ZnO and Cu/ZnO (Supplementary Figs. 17 and 18 and
Supplementary Note 2).
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Fig. 3 | In situ studies of the MSR reaction mechanism on PdCu,/ZnO. a In situ
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g Pd/Zn0O and h PdCuy/ZnO with increasing temperature from 50 °C to 300 °C at
aramping rate of 3 °C min™ in CH;0H + H,0 + N,. i Peak area of HCOO* (2867 cm™)
in (g, h) and H, MS signal during the in situ DRIFTS experiments.

Despite the common challenge of detecting the intermediate
formaldehyde species (CH,0*) in MSR via in situ DRIFTS, the IR sig-
nature of dioxymethylene species (CH,OO(H)*, arising from the reac-
tion between CH,O* and OH***) was identified at 2912 cm™ for the
Zn0, Cu/ZnO, and Pd/ZnO samples. Conversely, this species was
absent over the reactive sample, PdCu;/Zn0O, indicating the promoted
activity of CH,OO(H)* over PdCu alloys (Supplementary Figs. 17-19
and Fig. 3g, h). Based on these findings, two primary reaction pathways
were elucidated from in situ DRIFTS-MS experiments: (1)
CH;30H » CH30* » CH,0* » CH,O0(H)* > HCOO* > CO, + H, (the main
pathway) and (2) CH;OH - CH;0* > CH,0*~> CO+H, (a secondary
pathway). The summary of MSR reaction pathways derived from in situ
DRIFTS-MS serves as a foundational framework for guiding sub-
sequent density functional theory (DFT) calculations. The two path-
ways compete with each other on the Pd/ZnO catalyst. In contrast, the

formation of PdCu alloys altered this dynamic, steering the PdCu;/ZnO
catalyst to favour the principal reaction pathway, thereby revealing a
marked shift in the reaction mechanism attributed to synergistic
effects within the bimetallic alloy system.

Catalytic performance

To corroborate the catalytic efficiency predicted by the preceding
mechanistic studies, the performances of the PdCu,/ZnO catalysts in
the MSR reaction were evaluated from 175 °C to 300 °C. At 275 °C, both
the Pd/ZnO and PdCuy/ZnO catalysts exhibited notable catalytic
activity for MSR, achieving a methanol conversion of approximately
90% (Supplementary Fig. 20). However, at temperatures below 275 °C,
the introduction of Cu notably enhanced the activity of Pd/ZnO. Spe-
cifically, at 200 °C, the methanol conversion over PdCu;/ZnO was
18.7%, representing a 2.3-fold increase over Pd/ZnO (Fig. 4a). This
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enhancement by the incorporation of Cu was more pronounced in
terms of the space-time yield (STY) of H, (Supplementary Fig. 21).
Among the catalysts evaluated, PdCuy/ZnO showed the highest STY of
H, (10.1 pmol g.,c's™ at 200 °C), and this value was 2.3 and 7.2 times
greater than those of Pd/ZnO and Cu/ZnO, respectively (Fig. 4b). As
expected, the CO selectivity of the PdCu/ZnO catalysts was drastically
lower than that of Pd/ZnO (Supplementary Fig. 22). For instance, at
200 °C, the CO selectivity of Pd/ZnO was 50.2%, while that of PdCuy/
ZnO plummeted to 12.6% (Fig. 4a). The excellent catalytic performance
of the PdCu/ZnO catalysts in the MSR process aligned with the
deductions from the CO-TPD, in situ Raman, and in situ DRIFTS
experiments. When benchmarked against previously reported cata-
lysts (Supplementary Table 4), PdCu/ZnO demonstrated competitive
catalytic activity for MSR, although stability improvements remain
necessary (Supplementary Fig. 23). Essentially, the formation of PdCu
alloys facilitated the primary reaction pathway conducive to hydrogen
production and effectively suppressed the secondary reaction path-
way that led to CO formation. Kinetic tests conducted under con-
trolled conditions further validated this behaviour. The apparent
activation energies (£,), derived using the Arrhenius equation (Sup-
plementary Fig. 24), revealed that Pd/ZnO exhibited the highest £,
(79 k) mol™), while the incorporation of Cu significantly reduced the
activation energy, affirming the enhanced MSR activity of PdCu alloys
over PdZn alloys.

In the context of the MSR process, methanol decomposition (MD)
and water-gas shift (WGS) reactions are pivotal sub-reactions for CO
generation and its subsequent consumption®, respectively. To explore
the roles of these reactions in influencing CO dynamics, comparative
studies were conducted on the catalytic activities of Cu/ZnO, Pd/ZnO,
and PdCu;/ZnO for both the MD and WGS processes. During the MD
reaction (Supplementary Fig. 25), from 200 °C to 325 °C, the CO yield
from Pd/ZnO significantly exceeded that from PdCuy/ZnO. This dis-
parity indicated a greater propensity of Pd/ZnO for facilitating the
decomposition of methanol into CO. Conversely, Cu/ZnO consistently
demonstrated low CO yields at temperatures below 250 °C, indicating
that Cu species effectively suppress methanol decomposition. These
findings explain the significantly reduced CO selectivity observed for
PdCu/ZnO catalysts at temperatures below 250°C (Supplementary
Fig. 22). Conversely, when examining the WGS reaction (Supplemen-
tary Fig. 26a, b), all catalysts demonstrated comparable CO conversion
and similar yields of H, and CO,, confirming the equivalent efficacy of
Cu/ZnO, Pd/ZnO, and PdCuy/ZnO in catalysing the WGS reaction.
Based on these findings, the diminished CO selectivity observed with

PdCuy/ZnO could be primarily attributed to the suppression of the CO
generation during the initial methanol decomposition phase rather
than an enhanced consumption of CO in the latter water-gas
shift stage.

Theoretical considerations of the reaction mechanism

Based on the intermediates detected through in situ DRIFTS*?,
density functional theory calculations were utilized to elucidate the
energy barriers of crucial reaction steps within the MSR reaction
(both the main and side pathways) on PdZn (111) and PdCu (111)
(Supplementary Note 3 and Supplementary Table 5); these repre-
sented the two active surfaces of Pd/ZnO and PdCuy/ZnO, respec-
tively (Fig. 5a, b, Supplementary Figs. 27-30, and Supplementary
Tables 6 and 7). The reaction energy diagrams for the main pathway
are presented in Fig. 5a, highlighting the dehydrogenation of
CH;0H*, the subsequent dehydrogenation of CH50* to CH,0*, the
dissociation of adsorbed water, and the dehydrogenation of HCOO*
as key reaction steps with relatively high energy barriers. Besides the
above three steps, the energy barrier for the dissociation of H,O* into
OH* and H* via TS-4 was exceptionally high, which was 1.00 eV for
PdZn (111) and reduced to 0.93 eV for PdCu (111), indicating that
PdCu alloys possessed an enhanced capability for water dissociation;
this result corroborated the in situ Raman results. Furthermore, on
the PdCu alloy surfaces, the activation barriers for the dehy-
drogenation of CH;0H* to CH50* via TS-1, CH30* to CH,0* via TS-2,
and HCOO* to CO,* via TS-9 were significantly lower (0.56eV,
0.59 eV, and 0.53 eV, respectively) than those on the PdZn alloys
(0.92eV, 0.79 eV, and 1.01eV, respectively). This reduction in acti-
vation barriers highlighted the propensity of the PdCuy/ZnO catalyst
to facilitate the primary MSR pathway, contributing to its heightened
activity.

The side reaction pathway predominantly involves the stepwise
dehydrogenation of CH,O* and is a process generally acknowledged in
previous studies as crucial for CO generation***; this pathway was also
examined (Fig. 5b). Remarkably, on PdCu (111), the energy barrier for
converting CO* to gaseous CO was calculated to be substantially
greater at 0.83eV than at 0.21eV on PdZn (111). This significant
increase in the desorption energy barrier for CO* on PdCu alloys
indicated effective suppression of gaseous CO production on the
PdCuy/ZnO catalyst; this result was in agreement with observations
from the CO-TPD experiments. This series of DFT analyses provided a
molecular-scale understanding of the catalytic superiority of PdCu
alloys in the MSR process, emphasizing their role in promoting the
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Fig. 5 | DFT-computed energy profiles. DFT-calculated Gibbs free energy profiles
of the PdZn (111) and PdCu (111) alloys for the a main pathway and b side pathway of
the MSR reaction. The Gibbs free energy values were calculated using a

temperature of 200 °C. The asterisk indicates the adsorption state, and ‘TS’ denotes
the transition state. The reaction snapshots are shown with Pd, Cu, C, H, and O in
green, orange, grey, white, and red, respectively.

main reaction pathway while simultaneously mitigating side-reaction
CO generation.

To elucidate the relationship between the electronic structure of
the catalysts and their CO selectivity, the d-band centres (¢4) of PdCu
and PdZn on the surface of the catalysts were determined through
analysis of their d-orbital projected density of states (PDOS) (Supple-
mentary Figs. 31-33, Supplementary Note 4, and Supplementary
Table 8). Evidently, the &4 value for PdCu in the PdCuy/ZnO catalyst
(-1.52 eV) was found to be closer to the Fermi level than that of PdZn in
the Pd/ZnO catalyst (-4.26 eV). This observation indicated that the
PdCu alloys exhibited a higher binding strength for CO, which was
consistent with the higher CO desorption energy barrier over the PdCu
alloy surfaces.

Integrating insights from the in situ DRIFTS experiments and DFT
calculations, the reaction pathways operating over PdZn (111) and
PdCu (111) alloys are delineated in Fig. 6a, b. During the MSR reaction,
the PdCu alloys reduced the energy barrier for water dissociation,
thereby promoting the primary reaction pathway while simultaneously
increasing the energy barrier for the desorption of CO*; this effectively
suppressed the secondary reaction pathway. This dual effect of the
PdCu alloys demonstrated their significant role in dictating the overall
reaction dynamics and product selectivity in the MSR processes.

Optimizing product selectivity within complex chemical reactions
represents a formidable yet difficult challenge in catalysis. We intro-
duce a strategy aimed at refining the reaction pathways to tune the
selectivity of a catalyst, primarily through the modification of the
bimetallic alloy components. In catalytic reactions with well-
established mechanisms, key steps that influence reaction kinetics
can be identified, such as the competing oxidation of CH,O* and its
decomposition in MSR. By adjusting the bimetallic alloy composition,
the activation patterns of this key intermediate can be modulated,
thereby influencing the selectivity towards the desired products.
Specifically, PdCu,/ZnO alloy catalysts were meticulously engineered
and subsequently employed in the process of methanol steam
reforming for H, production.

The initial step in our investigation involved the utilization of
established analytical techniques, such as in situ XRD, HAADF-STEM,
XAFS, and quasi-in situ XPS, to verify the formation of the stable alloy
structures on the Pd/ZnO and PdCu/ZnO catalysts. These character-
izations collectively confirmed the presence of the PdCu alloys in the
PdCu/ZnO catalysts, which contrasted with the PdZn alloys identified
in the Pd/ZnO catalyst. Additionally, H,-TPR experiments indicated the
excellent stability of the PdCu alloy structure with high resistance to
phase separation by oxidation. Subsequent CO-TPD experiments
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provided evidence of the weakened desorption of CO* as a gaseous
product on the PdCu alloys compared to the original PdZn alloys on
undoped Pd/ZnO. Moreover, NAP-XPS and in situ Raman spectroscopy
revealed that water acted as an oxidant to facilitate the oxidation of
metallic Pd, resulting in the formation of OH* and H*. This OH* gen-
eration process was notably accentuated in the PdCu alloy systems.

The mechanism of H, production via MSR across different alloy
catalysts was investigated by in situ DRIFTS, which identified two dis-
tinct reaction pathways as reported”*. In both scenarios, CH;OH first
underwent successive dehydrogenation steps to yield CH;0* and
subsequently CH,O* species. The following reaction steps significantly
varied and were influenced by the underlying alloy structures. Within
the primary pathway, CH,O0* reacted with OH* species from active
water dissociation to form HCOO* upon decomposition, HCOO*
yielded CO, and H,. Conversely, the side pathway involved the direct
decomposition of CH,0* to generate CO and H,. Consequently, the
refinement of selectivity in the MSR reaction depended on the
adjustment of the reaction energies to preferentially promote water
dissociation, thereby readily supplying OH* species for the conversion
of CH,O* to HCOO* via the main pathway. Simultaneously, an alter-
native strategy involved the suppression of byproduct CO release from
the alloy surface, effectively restricting the side reaction pathway. This
dual approach aims to channel the reaction towards the desired pro-
duction of hydrogen and CO, while minimizing the formation of
undesired CO.

From the characterizations, both the inhibition of CO* desorption
and the enhancement of water dissociation were achieved on the PdCu
alloys formed through the incorporation of Cu into the Pd/ZnO cata-
lysts. These modifications led to a marked preference for the con-
tinued oxidation of the key intermediate CH,O* over its direct
decomposition into CO on the PdCu;/ZnO catalyst. Specifically, this
catalyst exhibited a 2.3-fold increase in activity and a 75% reduction in
CO selectivity at 200 °C compared to those of the conventional Pd/
ZnO catalyst. Finally, further validation through theoretical calcula-
tions, including DFT and PDOS, corroborated these findings. In com-
parison to the PdZn alloys, the PdCu alloys displayed a decreased
energy barrier for water dissociation and an increased energy barrier
for CO* desorption. As a result, the PdCu alloys demonstrated an
enhanced ability to dissociate water, thereby facilitating the produc-
tion of OH*, which actively participated in the transformation of CH,0*
to HCOO*. Additionally, the enhanced desorption energy barrier for
CO* on the PdCu alloys contributed to the suppression of gaseous CO
formation, effectively decreasing CO selectivity. These insights clearly
help determine the structure-property relationship, highlighting the
strategic role of adjusting the alloy composition in optimizing the
catalytic performance and selectivity of the MSR reaction. As research
progresses, catalyst design is evolving from traditional methods
that focus primarily on tweaking preparation parameters to new
approaches that draw insights from delving into the reaction
mechanisms within well-established pathways. Re-examining and
interpreting ‘old’ data through this new lens provides new opportu-
nities to enhance catalytic performance. This shift emphasizes a more

informed construction of catalysts, promising improvements in effi-
ciency and effectiveness based on a solid foundation of mechanistic
insights.

Discussion

In summary, in situ characterization studies confirmed the established
MSR reaction mechanism over conventional Pd/ZnO catalysts, begin-
ning with the progressive dehydrogenation of CH;OH to form CH,0*
This intermediate CH,O* then interacted with the OH* species gener-
ated from water dissociation to produce HCOO*. The decomposition
of the HCOO* intermediate subsequently yielded H, and CO,. A com-
petitive reaction pathway involving the direct decomposition of CH,O*
led to the undesirable production of CO. Building on the above-men-
tioned, Cu was incorporated into Pd/ZnO to form stable PdCu alloys to
steer the reaction kinetics towards the favourable oxidation of CH,0%;
these alloys have been shown to be effective in enhancing the dis-
sociation of water and inhibiting the desorption of CO. During the MSR
reaction, the optimally engineered PdCu,/ZnO exhibited a 2.3-fold
increase in the catalytic activity at 200 °C with a remarkably 75%
decrease in the CO selectivity with respect to the conventional Pd/ZnO
catalyst. Theoretical calculations revealed that the introduction of
PdCu alloys successfully reduced the energy barrier for the key reac-
tion steps in the main pathway, including the dissociation of water and
the conversion of CH,0* to HCOO*, while simultaneously enhancing
the energy barrier for the desorption of CO* as a byproduct in the side
pathway. These changes significantly contributed to the enhanced
activity and selectivity of the PdCuy/ZnO catalyst. The findings from
this study illustrate the impact of fine-tuning the selectivity of catalytic
reactions by identifying and optimizing key reaction steps, providing a
case study on how to refine the catalyst structure to direct the reaction
mechanism towards the desirable distribution of products.

Methods

Chemicals and materials

The following reagents were used without further purification: palla-
dium (1) nitrate dihydrate (Pd(NO3),-2H,0, 40% Pd basis, Sigma-
Aldrich), copper (Il) nitrate trihydrate (Cu(NOs),-3H,0, AR, 99-102%,
SCR), nitric acid (HNOs, GR, 65-68%, SCR), hydrochloric acid (HCI, GR,
36-38%, SCR), absolute ethanol (C,H¢O, 99.9%, Innochem), and
methanol (CH30H (MeOH), GC, >99.9%, Innochem). Zinc oxide (ZnO)
was purchased from Liuzhou Jinlu Nanometre Material Co., Ltd.

Catalyst preparation

PdCu,/ZnO (x=0, 0.5, 1, and 2, representing the weight percent con-
tent of copper) catalysts were prepared by the incipient wetness
impregnation method. First, the Pd(NO3),-2H,0 and Cu(NOs),-3H,0
precursors were weighed according to the metal loading and dissolved
together in 3 mL of deionized water. Once fully dissolved, the pre-
cursor solution was added dropwise to 3 g of finely ground ZnO
powder. Subsequently, the mixture was left to stand for 6 h at room
temperature before being dried at 110 °C for 12 h. Finally, the dried
product was calcined in a muffle furnace at 350 °C for 4 h at a heating
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rate of 2 °C min™. In this series of PdCu,/ZnO catalysts, the Pd content
was set at 1 wt%. For comparison, a Cu/ZnO catalyst with a1 wt% copper
content was prepared by following the same procedure.

Catalytic evaluations

The methanol steam reforming (MSR) reaction measurements were
conducted in a continuous plug flow fixed-bed reactor with a 5mm
inner diameter at atmospheric pressure. Before each test, 100 mg of
the catalyst with a 40-60 mesh was pretreated under 10% H,/N,
(100 mL min™) at 300 °C for 2 h. An aqueous methanol solution with a
specific water/methanol molar ratio of 1.5 was injected into the heated
chamber by a syringe pump (8 pL min™, WHSV of MeOH=2.3h™).
Then, N, (120 mL min™) was introduced to carry methanol steam into
the catalyst bed, and the products were analysed online by gas chro-
matography (GC, Agilent 8890) equipped with one TCD and two flame
ionization detectors (FIDs). The methanol conversion, the carbon
dioxide and carbon monoxide selectivity, and the space-time yield
(STY) of H, were calculated using the following equations:

[CH;OHJ;, — [CH3OH oy 00

H o) = 0,
CH;OH conversion, X yeon(%) [CHSOH],. % (1)
. [CO,]
CO, selectivity, Sco. (%) = ———=24 ___ x100% 2
2 Y, Sco, (%) [CO,loge + [COToue 2)
. [COlout
CO selectivity, Sco(%)= ————% ___ x100% 3
Y CO( 0) [COZ]out + [Co]out ’ ( )

[Hz]out x Fout X 10715

*)
22.4%60x W,

STY of H,, STY,, (nmol g, s =
cat

where [X];, and [X]ou (ppm) are the gas fractions of X in the inlet and
outlet gases, respectively; Fo, (ML min™) is the total gas flow rate at the
outlet; and W, (g) is the catalyst mass.

The reaction equipment and detection apparatus used for
methanol decomposition (MD) and water-gas shift (WGS) were the
same as those used for the MSR reaction. In the MD reaction, the
reaction gas consisted of only methanol (34,000 ppm, WHSV of
MeOH =3.3h™) and N, (120 mL min™). On the other hand, in the WGS
reaction, CO (5000 ppm) and evaporated H,O (33,000 ppm), balanced
with N,, were used (WHSV =74,000 mL g h™). The CO conversion of
the WGS reaction was calculated using the following equation:

[Co]in — [Co]out 0,
—cop 100% o)

CO conversion, X o (%) =
where [CO]J;, and [COl, (ppm) are the concentrations of CO in the
inlet gas and in the outlet gas, respectively.

Computational methods

Density functional theory (DFT) calculations were performed using the
Vienna ab initio simulation package (VASP)***¢. The core and valence
electrons were represented by the projector augmented wave (PAW)
method with a cut-off energy of 400 eV*’*. DFT calculations were also
performed with the generalized gradient approximation (GGA) as
described by Perdew, Burke, and Ernzerhof (PBE). During the geo-
metry optimization, forces converged below 0.05eV A™, and the self-
consistent field (SCF) convergence energy was 10°Ha. For each
model, the bottom two atomic layers were fixed, while the top two
atomic layers were allowed to relax. A 15 A vacuum along the z direc-
tion was applied to prevent unexpected interactions between the
periodically repeated images. Due to the large number of atoms (over
140 atoms) in the slab models, the Brillouin zone was sampled by the
Monkhorst-Pack method with a 1x1x1 k-point grid. The dimer

method**® combined with the climbing image nudged elastic band
(CI-NEB) approach®>®® was used to search for the transition states. The
Gibbs free energy for each state was calculated by the following
equation:

G(T)=Eppr + Georrect(T) =Eppr + ZPE = TS+4Ug_, 7 (6)

where G(7) is the Gibbs free energy at temperature T, Epgr is the DFT
energy and Georrect(T) is the thermal correction to the Gibbs free
energy. ZPE, S, and AUq.r are the zero-point energy, entropy, and
internal energy changes induced by temperature, respectively. The
Georrect(T) Was calculated using the VASPKIT tool®.

The surface energy is calculated according to the following for-
mula:

Esurf = [Eslab - Nx Ebulk] (7)

1
— X
2A
where Eg,p and Eyyy represents the total energy of the slab and bulk
model, respectively. N is the multiple of the surface model relative to
the bulk model. ‘A’ represents the surface area of the slab model, and
the factor of 2 in the denominator accounts for the presence of two
surfaces in the slab: one at the bottom and one at the top.

More detailed experimental characterizations and reaction
kinetic studies are described in the Supplementary Information.

Data availability

All data supporting the findings of this study are available within the
paper, supplementary information files, and source data files. All raw
data generated during the current study are available from the corre-
sponding authors upon request. Source data are provided with
this paper.
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