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ABSTRACT

Due to a positive standard reaction Gibbs free energy (A,G,,°) of 237.1 kJ mol~!, electric energy input is indispensable for
hydrogen production by conventional electrochemical water splitting. This energy requirement can be reduced by replacing
the anodic oxygen evolution reaction to thermodynamic favorable small-molecules oxidation reactions. In this work, anodic
formaldehyde oxidation reaction (FOR) in alkaline media was paired with cathodic hydrogen evolution reaction (HER) in acidic
media to establish a thermodynamically downhill system. The utilization of electrochemical neutralization energy in a hybrid
alkaline-acidic electrolyte configuration enables a further decrease in A,G,,°. Therefore, the resulting hybrid alkaline-acidic
formaldehyde-proton fuel cell (FPFC) exhibits a significantly reduced A,G,,° of —101.5 kJ mol~!. A bifunctional Ru-doped Cu
catalyst (Ru—Cu NTs@CM) was designed and synthesized to simultaneously promote the kinetics of acidic HER and alkaline
FOR, demonstrating superior catalytic activity and durability to pristine Cu and Ru catalysts. This catalyst enabled concurrent
bipolar H, production and electricity generation from the assembled FPFC, reaching a peak power density of 18.3 mW cm—2 at
53.4 mA cm~2. A combination of (quasi) in situ characterizations and theoretical calculations unveiled the important mechanistic
role of Ru-doping in enhancing the Cu catalyst’s activity and stability.

1 | Introduction replacing anodic OER with thermodynamic favorable small-

molecules oxidation reactions (SMORs) has emerged as a promis-

Hydrogen (H,) has emerged as a promising green energy carrier
owing to its high energy density, efficient energy conversion,
and zero carbon emission [1-3]. Among various production
methods, electrochemical water splitting powered by renewable
electricity stands out as a clean and sustainable approach for
H, generation [4]. Conventional overall water splitting (OWS)
consists of two half-reactions: the hydrogen evolution reaction
(HER) at the cathode and the oxygen evolution reaction (OER)
at the anode [5]. This process is thermodynamically uphill,
requiring a minimum theoretical voltage 0f 1.229 V corresponding
to a standard reaction Gibbs free energy (A,G,,°) of 237.1 kJ
mol™ for H,0 — H, + 1/20, [6]. To reduce energy consumption,

ing strategy to couple with cathodic HER [7-12]. In alkaline
media, the overall reaction of SMORs-assisted water splitting
(SMORs-WS) can be generalized as: H,O + [Red] — H, + [Ox],
where [Red] and [Ox] represent the reduced and oxidized
species, respectively. Therefore, the A,G,,° of SMORs-WS can
be decreased when the standard Gibbs free energy of formation
(A¢G,,°) of [Ox] is less than that of [Red] (see Supporting
Information for detailed calculations). Consequently, various
SMORs with lower theoretical potentials, including the oxida-
tion of methanol, glycerol, urea, ammonia, hydrazine, furfural,
etc, have been explored as energy-efficient alternatives to OER
[13].
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Formaldehyde (HCHO), as a potential hydrogen carrier, has
garnered increasingly research attention for H, generation [14].
While thermocatalytic decomposition of HCHO over metal-
based catalysts has been widely explored for H, production,
recent studies have highlighted the electrocatalytic formaldehyde
oxidation reaction (FOR) as a new promising alternative to OER
[15-18]. Notably, FOR exhibits an ultralow theoretical potential of
—0.224 V vs. reversible hydrogen electrode (RHE), while simul-
taneously generating H, and value-added formic acid (HCOOH)
at the anode (HCHO + OH~ — HCOOH + 1/2H, + e"), offering
both thermodynamic and economic advantages [19]. By coupling
anodic FOR with cathodic HER, bipolar H, production can be
achieved with a substantially reduced A,G,,° for FOR-assisted
water splitting (FOR-WS, HCHO + H,0 — HCOOH + H,, A,G,,°
= —21.6 kI mol™). This transformation theoretically converts
the thermodynamically uphill process of conventional OWS into
a downhill process in FOR-WS. In a pioneer study, Sun and
coworkers demonstrated a two-electrode alkaline electrolyzer
employing a Cu;Ag, catalyst for FOR and a Ni;N/Ni catalyst
for HER [19]. This system achieved bipolar H, production with
200% Faradaic efficiency (FE), reaching an impressive current
density of 100 mA cm™ at an ultralow cell voltage of 0.22 V
[19]. Despite these advantages, achieving industrially relevant
current densities (e.g., >100 mA cm™) inevitably requires a
certain input of electricity due to unavoidable overpotentials
and Ohmic losses (IR drop) [18-20]. Furthermore, the develop-
ment of highly efficient electrocatalysts, particularly bifunctional
catalysts capable of simultaneously promoting both FOR and
HER Kkinetics, remains a significant challenge for minimizing
these overpotentials and advancing practical implementation
[21].

The FOR-WS system is typically operated in alkaline media
[18-20]. However, by implementing a hybrid alkaline-acidic
configuration, where FOR occurs in alkaline media and HER
proceeds in acidic media, the overall reaction becomes as
HCHO + OH~ + H* -» HCOOH + H, (A,G,,° = —101.5kJI mol ™).
This innovative approach can further reduce the A,G,° value
by 79.9 kI mol™ compared to the typical single-electrolyte
system, with the enhancement originating from the thermody-
namic driving force of the neutralization reaction (H* + OH™ —
H,0, A,G,° = —79.9 kJ mol™) [22]. When OH~ and H* are
selectively consumed at the anode and cathode, respectively,
the neutralization reaction energy of —79.9 kJ mol™ can be
effectively harvested as electrochemical neutralization energy
(ENE), thereby significantly reducing the overall reaction free
energy [22-24]. By employing highly efficient FOR and HER
catalysts, this hybrid alkaline-acidic system can operate as a fuel
cell rather than an electrolyzer, while maintaining industrially
relevant current densities (>100 mA cm~2) [25].

Herein, Ru-doped Cu nanotubes in situ grown on Cu mesh
(Ru—Cu NTs@CM) were fabricated by a facile synthetic method.
The Ru—Cu NTs@CM catalyst shows excellent catalytic activity
for both HER and FOR, which is superior to the pristine Cu and
Ru catalysts. Systematic experimental and theoretical investiga-
tions elucidate that Ru-doping modifies the electronic structure
and adsorption properties of the Cu matrix, which is crucial
for enhancing the catalytic performance. By integrating alkaline
FOR and acidic HER, a hybrid alkaline-acidic formaldehyde-
proton fuel cell (FPFC) of Ru—Cu NTs@CMIIRu—Cu NTs@CM

was fabricated to demonstrate efficient bipolar H, production
and appreciable electricity output simultaneously. In addition,
the electricity generated by the FPFC can power the operation of
FOR-WS, achieving a promising FE of 400% for H, production.
This work demonstrates a promising strategy for transforming a
conventional endergonic water splitting electrolyzer into an exer-
gonic bipolar H,-producing fuel cell through A,G,,° modulation
and tailored catalyst design.

2 | Results and Discussion
2.1 | Bipolar H, Production Fuel Cell

Figure 1a illustrates the schematic configurations of OWS, FOR-
WS, and FPFC. Compared with conventional alkaline OWS with
a positive A,G,,,° of 237.1 kJ mol~!, FOR-WS shows a negative
A,G,,° of —21.6 kJ mol~! due to the replacement of OER with
FOR. Although FOR-WS is thermodynamically spontaneous,
additional electric energy input is typically indispensable to
achieve an appreciable current density due to kinetic limitations.
Remarkably, FPFC demonstrates an even more favorable A, G,,°
of —101.5 kJ mol™ by further substituting alkaline HER with
acidic HER, enabled by the harvest of ENE. In FPFC, a bipolar
membrane (BPM) is applied to separate the acidic and alkaline
electrolytes. This Janus-like membrane consists of an anion-
exchange membrane (AEM) and a cation-exchange membrane
(CEM) integrated back-to-back [26]. Figure 1b presents the
Pourbaix diagram, highlighting the theoretical pH-dependent
potentials for HER, OER, and FOR. While conventional OWS
requires a theoretical voltage of 1.229 V in a uniform elec-
trolyte, FOR-WS theoretically operates as a fuel cell but with
an ultralow OCV of 0.224 V. By employing hybrid electrolytes
of alkaline FOR (pH 14) at the anode and acidic HER (pH 0)
at the cathode, the asymmetric FPFC achieves a significantly
enhanced theoretical OCV of 1.052 V. To further clarify, Figure 1c
schematically compares the linear sweep voltammetry (LSV)
curves of HER, OER and FOR in acidic and/or alkaline media.
Detailed thermodynamic calculations and voltage conversions
are provided in the Supporting Information. The FPFC design
offers significant advantages, enabling bipolar H, production
with a theoretical FE of 200%, while simultaneously generating
appreciable electricity. It is noteworthy that HCHO can be indus-
trially derived from biomass (Figure 1d), and its organic oxidation
product HCOOH finds broad applications in organic synthesis,
pharmaceuticals, rubber, and leather industries [27]. Thus, the
FPFC-involved conversion demonstrates a green and sustainable
route for transforming biomass into value-added chemicals and
electricity.

2.2 | Fabrication and Characterization of the
Electrocatalysts

To achieve the enhanced electrochemical performance of FPFC,
highly efficient electrocatalysts, preferably bifunctional electro-
catalysts, are indispensable for both acidic HER and alkaline
FOR. Scheme 1 illustrates the synthetic route for a robust elec-
trocatalyst, Ru-doped Cu nanotubes grown on Cu mesh (Ru—Cu
NTs@CM). Typically, the surface of Cu mesh was first chemical
oxidized into Cu(OH), nanowires to obtain Cu(OH), NWs@CM.
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FIGURE 1 | (a) Schematic illustration of OWS, FOR-WS, and FPFC. (b) The Pourbaix diagram of HER, OER, and FOR calculated by the Nernst
equation (AE = Eggr(pH 0)-Eror(pH 14) = 1.052 V). (c) Schematic LSV curves of HER, OER, and FOR in acidic and/or alkaline media. (d) The FPFC-
involved conversion route from biomass to value-added chemicals and electricity.
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SCHEME 1 | Schematic illustration of the synthetic route for Ru—Cu NTs@CM.
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FIGURE 2 | (a-h)SEM and (i-1) TEM images of (a,e,i) Cu(OH), NWs@CM, (b,f,j) Ru—Cu(OH), NTs@CM, (c,g,k) Ru—CuO NTs@CM, and (d,h,1)
Ru—Cu NTs@CM. (m) HRTEM image, (n) SAED pattern, and (o) TEM-EDX elemental mapping images of Ru—Cu NTs@CM.

The subsequent Ru** ions exchange converts solid Cu(OH),
NWs into hollow Ru-doped Cu(OH), nanotubes (Ru—Cu(OH),
NTs@CM). After undergoing the pyrolysis at 180°C in the
air, Ru—Cu(OH), NWs were oxidized into Ru-doped CuO NTs
(Ru—CuO NTs@CM). Finally, Ru—Cu NTs@CM was fabricated
after the electrochemical reduction of Ru—CuO NTs@CM.

The scanning electron microscopy (SEM) images of pristine Cu
mesh in Figure S1 show a smooth and clean surface. After the
chemical oxidation by S,04%~ ions, Cu(OH), NWs array was
uniformly grown on Cu mesh (Figure 2a,e). The transmission
electron microscopy (TEM) image in Figure 2i reveals that the
diameter of a single Cu(OH), NW is around 160 nm. When
immersing Cu(OH), NWs@CM into 5 mM RuCl, solution, ions
exchange between Ru** and Cu?* is triggered due to the much
lower Kj, of Ru(OH); (1 x 107*%) compared to that of Cu(OH),
(4.8 x 1079). The solid structured Cu(OH), NWs is gradually
converted into the hollow structured Ru—Cu(OH), NTs (Figures
S2-S4). By controlling the exchange time as 30 min, a well-
defined NTs structure with an enlarged diameter of around
240 nm is obtained for Ru—Cu(OH), NTs@CM (Figure 2b,fj;
Figure S2). After experiencing the pyrolysis, the NTs morphology
is still well-retained for Ru—CuO NTs@CM (Figure 2¢,g,k). The
following electroreduction of Ru—CuO NTs@CM results in the
identical NTs morphology for Ru—Cu NTs@CM, except for the
relative more roughened and porous surface (Figure 2d,h,l).

The side-view SEM image of Ru—Cu NTs@CM reveals that the
length of Ru—Cu NTs is around 10 um (Figure S5). The self-
supported Ru—Cu NTs array on Cu mesh is of advantageous in
providing abundant active sites, benefiting efficient mass transfer
and facilitating rapid electron transfer.

The SEM-energy dispersive X-ray analysis (SEM-EDX) spectra
in Figure S6 confirm the successful Ru** ions exchange, and
the Ru feature peak is well-maintained after the subsequent
pyrolysis and electroreduction treatments. The inductively cou-
pled plasma mass spectrometry (ICP-MS) analysis indicates the
atomic percentage of Ru content is 2.9 at% for Ru—Cu NTs@CM.
In Figure 2m, the high-resolution TEM (HRTEM) image of
Ru—Cu NTs@CM shows the lattice fringe spacing of 0.21 nm, in
accordance with the (111) plane of metallic Cu [16]. The selected
area electron diffraction (SAED) pattern of Ru—Cu NTs@CM
exhibits the multiple polycrystalline rings generating from the
(111), (200), (220), and (311) crystal planes of Cu (Figure 2n).
Figure 20 shows the TEM-EDX elemental mapping images of
Ru—Cu NTs@CM. Ru and Cu elements are uniformly distributed
throughout a single nanotube, demonstrating the evenly doping
of Ru in the Cu matrix. The compositional conversion of the over-
all synthetic process is further characterized by X-ray diffraction
(XRD) (Figure S7). The XRD feature peaks of the Ru species are
hardly identified for Ru—Cu NTs@CM, confirming the uniform
doping of Ru.
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FIGURE 3 | (a)XRD patterns and (b) XPS survey spectra of Ru—Cu NTs@CM, Cu NWs@CM, and Ru NPs@CC. Inset in (a) presents the enlarged
XRD pattern of the rectangle region. (c) High-resolution Cu 2p XPS spectra of Ru—Cu NTs@CM and Cu NWs@CM. (d) High-resolution Ru 3p XPS
spectra of Ru—Cu NTs@CM and Ru NPs@CC. (e) Cu K-edge XANES spectra and (f) the corresponding FT-EXAFS spectra of Ru—Cu NTs@CM, Cu
NWs@CM, Cu, Cu,0, and CuO. Inset in (e) presents the enlarged spectra of the rectangle region.

For comparison, pristine Cu nanowires grown on Cu mesh (Cu
NWs@CM) were prepared by the identical method for Ru—Cu
NTs@CM, except for omitting the ions exchange step (Figure S8).
In addition, metallic Ru nanoparticles grown on carbon cloth
(Ru NPs@CC) were synthesized by a facile electrodeposition
method (Figure S9). Figure 3a shows the XRD patterns of Ru—Cu
NTs@CM, Cu NWs@CM, and Ru NPs@CC. Compared with Cu
NWs@CM, the Cu diffraction peaks in Ru—Cu NTs@CM are
slightly negative shifted for 0.2°, indicating the incorporation
of Ru atoms into the Cu crystal lattice to form a solid-solution
alloy [18]. For Ru NPs@CC, feature peaks for metallic Ru are
identified, whereas the broad peak at 25.8° is indexed into carbon
cloth. In Figure 3b, the X-ray photoelectron spectroscopy (XPS)
survey spectra reveal the co-presence of Ru and Cu in Ru—Cu
NTs@CM, whereas Cu NWs@CM and Ru NPs@CC exhibit solely
Cu and Ru signals, respectively. Notably, the Ru—Cu NTs@CM
sample displays a +0.5 eV shift in the Cu® 2p binding energy
(vs. Cu NWs@CM, Figure 3c), but a —0.5 eV shift in the Ru® 3p
binding energy (vs. Ru NPs@CC, Figure 3d), indicating distinct
electronic interactions between Cu and Ru [28]. These findings
clearly demonstrate electron transfer from Cu to Ru in Ru—Cu
NTs@CM, which can be attributed to the higher electronegativity
of Ru (2.2 on the Pauling scale) relative to Cu (1.9) [29]. The
coordination environments of Cu atoms in Ru—Cu NTs@CM
and Cu NWs@CM were further probed and compared by X-ray
absorption spectroscopy (XAS). Figure 3e shows their Cu K-edge
X-absorption near-edge structure (XANES) spectra, together with
the standard samples of Cu, Cu,0, and CuO as comparisons.
The absorption edge for Ru—Cu NTs@CM is positively shifted
relative to Cu NWs@CM, confirming the increase of Cu valence
state after Ru doping. In Figure 3f, the corresponding Fourier
transform extended X-ray absorption fine structure (FT-EXAFS)

spectra exhibit a characteristic peak of Cu-Cu bond at ~ 2.2 A
for both Ru—Cu NTs@CM and Cu NWs@CM. Compared with
Cu NWs@CM, the decreased Cu-Cu peak intensity for Ru—Cu
NTs@CM points to the formation of a Cu—Ru bond after the
incorporation of Ru into the Cu lattice. The least-squares EXAFS
fitting curves and wavelet transform EXAFS (WT-EXAFS) spectra
of Ru—Cu NTs@CM and Cu NWs@CM are presented in Figures
S10-S12 and Table SI, further revealing the Ru-doping induced
structural change at the atomic level.

2.3 | Electrocatalytic Activity for the HER and
FOR

A standard three-electrode setup was employed to evaluate the
HER catalytic performances of the as-prepared electrocatalysts
in 0.5 M H,SO,. For the reference sample of Ru NPs@CC,
electrodeposition time-dependent HER catalytic performance
was first investigated. Ru loading content is increasing by pro-
longing the electrodeposition time, but obvious crack and even
exfoliation occur at a longer time (Figure S13a-h). Under 6 min
of electrodeposition, Ru NPs@CC is endowed with uniform dis-
tributed Ru nanoparticles, exhibiting the optimal HER catalytic
performance (Figure S13i). Therefore, it was selected as the
pristine Ru reference electrocatalyst for the following compari-
son. Figure 4a shows the LSV curves of Ru—Cu NTs@CM, Ru
NPs@CC, and Cu NWs@CM in 0.5 M H,SO,. Ru—Cu NTs@CM
demonstrates the obvious superior HER catalytic activity to Ru
NPs@CC and Cu NWs@CM. To achieve a current density of
10 mA cm~2, Ru—Cu NTs@CM requires a much lower overpo-
tential of 17 mV compared with Ru NPs@CC (65 mV) and Cu
NWs@CM (414 mV). In addition, the conductive substrates Cu
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FIGURE 4 | (a) LSV curves and (b) Tafel plots of electrocatalysts for HER in 0.5 M H,SOy,. (c) LSV curves of Ru—Cu NTs@CM before and after
3000 CV cycles under the potential window of —0.1-0.1 V vs. RHE in 0.5 M H,SO,. The inset in (c) presents the long-term electrolysis curve of Ru—Cu
NTs@CM under the overpotential of 50 mV in 0.5 M H,SO,. (d) LSV curves of electrocatalysts for FOR in 1 M KOH and 0.6 M HCHO. (e) OCP curves of
electrocatalysts in 1 M KOH with the addition of 0.6 M HCHO after 60 s. (f) H, yield rates of electrocatalysts at various potentials. (g) FEs and H, yield
rates of Ru—Cu NTs@CM at 0.3 V vs. RHE during the FOR recycling measurements. (h) LSV curves of Ru—Cu NTs@CM in 1 M KOH, 1 M KOH and
0.6 M HCHO, 1 M KOH and 0.6 M CH3;0H, and 1 M KOH and 0.6 M HCOOH. (i) DEMS signals at m/z = 2, 3, 4 at a pulsed potential of 0.4 V vs. RHE for

Ru—Cu NTs@CM in D,0 containing 1 M KOD and 0.6 M HCHO.

mesh and carbon cloth exhibit negligible HER activity (Figure
S14), indicating the surface-grown species (Ru—Cu NTs, Ru NPs,
and Cu NWs) are responsible for the catalytic activity. The
Tafel plots in Figure 4b reveal the much lower Tafel slope for
Ru—Cu NTs@CM (54.6 mV dec™) than that for Ru NPs@CC
(110.9 mV dec™) and Cu NWs@CM (119.5 mV dec™), suggesting
the more rapid HER kinetics for the former. Moreover, the
electrochemical impedance spectroscopy (EIS) measurements
were conducted under the overpotential of 50 mV in 0.5 M H,SO,.
The Nyquist plots in Figure S15 exhibit the lowest charge transfer
resistance (R,) for Ru—Cu NTs@CM, confirming its favorable
HER catalytic kinetics. Compared with the recently reported
Ru or Cu based HER electrocatalysts, the HER catalytic perfor-
mance of Ru—Cu NTs@CM is also remarkable in acidic media
(Table S2).

To evaluate the electrochemically active surface areas (ECSA) of
the electrocatalysts, their double-layer capacitances (Cy) were

calculated by cyclic voltammetry (CV) measurements within
the non-Faradaic voltage region (Figure S16). The Cy value is
calculated as 24.3 mF cm ™2 for Ru—Cu NTs@CM, which is higher
than that for Cu NWs@CM (10 mF cm™2) and Ru NPs@CC
(20.7 mF cm™2). In Figure S17, the ECSA-normalized LSV curves
point to the superiority of acidic HER intrinsic activity for
Ru—Cu NTs@CM. The acidic HER catalytic durability of Ru—Cu
NTs@CM was examined by both continuous CV cycling and
long-term electrolysis. As shown in Figure 4c, an obvious LSV
change is hardly observed after 3000 CV cycles, and the current
density is stable during 15 h of electrolysis, indicating that Ru—Cu
NTs@CM possesses excellent acidic HER catalytic durability. In
Figure S18, the post-electrolysis XRD and SEM characterizations
demonstrate the well-retained crystal structure and nanotube
array morphology for Ru—Cu NTs@CM, further confirming its
excellent acidic HER catalytic stability. The HER catalytic perfor-
mances of the electrocatalysts were further evaluated in 1 M KOH
(Figures S19-S21). Ru—Cu NTs@CM shows the greatly enhanced
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alkaline HER catalytic activity compared with Cu NWs@CM,
which is also superior to Ru NPs@CC at high overpotential
(Figure S21). In addition, durability measurements and post-
electrolysis characterizations suggest good catalytic stability for
Ru—Cu NTs@CM in 1 M KOH (Figure S22).

The FOR catalytic performances of the electrocatalysts were
evaluated in 1 M KOH containing a certain concentration of
HCHO. Figure S23 displays the LSV curves of Ru—Cu NTs@CM
in 1 M KOH with different concentrations of HCHO. In 1 M KOH,
a distinct anodic response is unobserved within the potential
range of —0.1-0.3 V. The anodic current density rises along
with the increasing concentration of HCHO, but declines when
the HCHO concentration beyond 0.6 M. The optimal FOR
electrolyte condition is selected as 1 M KOH and 0.6 M HCHO
for further investigations. Notably, the FOR current responses
under ultralow HCHO concentrations (5-25 mM) were further
recorded (Figure S24a). The anodic current density increases
linearly with the increase of HCHO concentration (Figure S24b),
demonstrating the potential application of Ru—Cu NTs@CM as
an electrochemical sensor material to detect and calculate the
trace amount of HCHO in environmental solution.

Figure 4d shows the LSV curves of the electrocatalysts in 1 M
KOH and 0.6 M HCHO. Ru—Cu NTs@CM and Cu NWs@CM
exhibit the low anodic onset potentials of —0.07 and —0.1 V vs.
RHE, respectively, whereas Ru NPs@CC shows the relative high
onset potential of 0.22 V vs. RHE. It should be mentioned that
the anodic FOR and cathodic HER may overlap at the potential
below 0 V vs. RHE, leading to mixed current density in the
LSV curve. The alkaline HER response is quite pronounced for
Ru—Cu NTs@CM under the potential range of —0.1-0 V vs. RHE,
whereas Cu NWs@CM is almost HER inert in this potential range
(Figure S19). Therefore, the relatively lower anodic onset poten-
tial observed for Cu NWs@CM, compared to Ru—Cu NTs@CM,
may be partly a result of its inferior HER activity. Above 0 V vs.
RHE (and absent HER affects), Ru—Cu NTs@CM outperforms Cu
NWs@CM and Ru NPs@CC, demonstrating its clear superiority.
To achieve a FOR current density of 100 mA cm~2, Ru—Cu
NTs@CM requires a much lower potential of 0.13 V vs. RHE than
CuNWs@CM (0.29 Vvs. RHE) and Ru NPs@CC (0.43 Vvs. RHE).
Beyond 0.5 Vvs. RHE, the FOR catalytic process on Cu NWs@CM
is greatly affected due to the surface oxidation of Cu (Figure
S25) [18]. Remarkably, Cu oxidation peaks are hardly identified
in the LSV curve of Ru—Cu NTs@CM, even at a high potential
of 0.95 V vs. RHE, revealing its superior FOR kinetics to rapid
consume surface-adsorbed OH* and thus preventing further self-
oxidation [30]. A FOR peak is observed for Ru NPs@CC (Figure
S26), indicating FOR on this catalyst is primarily controlled by
mass transfer above 0.9 V vs. RHE. In contrast, the FOR current
density for Ru—Cu NTs@CM climbs steadily even beyond 0.9 V
vs. RHE, underscoring its rapid FOR kinetics and the mass
transfer advantages conferred by its nanotube architecture. In
Figure S27, the ECSA-normalized LSV curves further reveal that
Ru—Cu NTs@CM shows higher intrinsic FOR catalytic activity
than Cu NWs@CM and Ru NPs@CC. In Figure S28, the EIS
measurements confirm the superior FOR catalytic kinetics for
Ru—Cu NTs@CM, which is evidenced by its lower R, than
Cu NWs@CM and Ru NPs@CC. When comparing with the
recently reported electrocatalysts, the FOR catalytic performance
of Ru—Cu NTs@CM is also excellent (Table S3).

Open-circuit potential (OCP) measurements were conducted to
further investigate the absorption behaviours of OH~ and HCHO-
related species within the inner Helmholtz plane (IHP) [31]. As
shown in Figure 4e, Ru—Cu NTs@CM displays a slightly higher
OCP than Cu NWs@CM in 1 M KOH, indicating Ru-doping can
boost the anti-oxidation property for Ru—Cu NTs@CM. The more
noble OCP suggests that Ru-doping alters the surface oxidation
kinetics, potentially by moderating the OH~ adsorption process.
Following the in situ introduction of 0.6 M HCHO, the OCP of
Ru—Cu NTs@CM exhibits a pronounced negative shift to —0.12V
vs. RHE, a value lower than that of Cu NWs@CM (-0.09 V
vs. RHE). The larger OCP drop for Ru—Cu NTs@CM (0.57 V)
indicates its stronger adsorption affinity of HCHO-related species
than Cu NWs@CM (0.54 V) [31]. A key observation is that
while Ru NPs@CC maintains a much higher OCP than the Cu-
based catalysts, it nonetheless undergoes the largest OCP drop
(0.86 V) upon HCHO addition. This contrast demonstrates that
the Ru surface possesses a stronger affinity for HCHO-related
species but a weaker affinity for OH~ adsorption compared to Cu,
governing its interfacial chemistry. Consequently, the facilitated
FOR kinetics of Ru—Cu NTs@CM are dictated by an optimal
surface adsorption balance between OH~- and HCHO-related
species [16].

To investigate the potential-dependent H, yield rate and FE
of FOR, electrolysis measurements were conducted at different
potentials from 0 to 0.4 V vs. RHE (Figure S29). The produced H,
was collected and calculated by the water displacement method
(Figure S30). As expected, the H, yield rate is increasing with
the positive shift of applied potential and Ru—Cu NTs@CM
exhibits the highest rate of 1.82 mmol cm™2 h~! at 0.4 V vs.
RHE (Figure 4f). The calculated FEs for Ru—Cu NTs@CM are
close to 100% within the potential range of 0.2-0.4 V vs. RHE
(Figure S31). At the lower potential (0 or 0.1V vs. RHE), however,
the calculated FE is over 100% due to the influence from a
spontaneous non-Faradaic process (HCHO + OH~ - HCOO™ +
H,) [32]. Without applying the potential, the non-Faradaic
process was further probed. The H, yield rate of non-Faradaic
reaction is 0.02 mmol cm™2 h™! for Ru—Cu NTs@CM (Figure
S32), which is two orders of magnitude lower than that of
electrocatalytic FOR at high potentials, making it negligible.
Moreover, the (electro-)reaction time-dependent experiments
further reveal that the contribution from non-electrochemical H,
production is neglectable after 6 min of electrolysis (Figure S33).
In Figure S34, the measured H, yield amounts from the FOR
electrolysis of Ru—Cu NTs@CM at 0.4 V vs. RHE show excellent
agreement with the theoretical values, confirming that FOR
is a single-electron oxidation reaction. To quantify the organic
products and evaluate the carbon balance of electrolysis, the
amount of formate and methanol were determined by 'H nuclear
magnetic resonance (NMR) spectroscopy measurement (Figure
S35), and the consumption of HCHO was assessed by ultraviolet—
visible (UV-vis) spectroscopy measurement (Figure S36a—c). By
deducting the quantity of formate from the Cannizzaro reaction,
the carbon balances are close to 100% for the FOR electrolysis of
Ru—Cu NTs@CM at different potentials from 0 to 0.4 V vs. RHE
(Figure S36d).

The FOR durability of Ru—Cu NTs@CM was assessed by cycling
electrolysis at 0.3 V vs. RHE in 1 M KOH and 0.6 M HCHO
(Figure S37). In Figure 4g, the FEs and H, yield rates are stable
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for 10 cycling electrolysis, pointing to the excellent FOR dura-
bility of Ru—Cu NTs@CM. In Figure S38a,b, Ru—Cu NTs@CM
exhibits negligible changes in composition and morphology after
FOR electrolysis at 0.75 V vs. RHE for 10 h. In contrast, Cu
NWs@CM undergoes severe self-oxidation and structural degra-
dation (Figure S38c,d). This remarkable contrast highlights the
crucial role of Ru-doping in enhancing the FOR durability for Cu-
based catalyst. Figure S39 shows the electrolysis curve of Ru—Cu
NTs@CM in 1 M KOH with the continuous addition of 0.6 M
formic acid, 0.6 M methanol, and 0.6 M HCHO. Apparaent current
density can be hardly observed after the addition of formic acid
or methanol, indicating their inert oxidation activities on Ru—Cu
NTs@CM at 0.3 V vs. RHE. In contrast, the oxidation current
density sharply rises after adding HCHO into the electrolyte,
consistent with the FOR activity of Ru—Cu NTs@CM. A further
comparison of the LSV curves of Ru—Cu NTs@CM in Figure 4h
confirms its negligible oxidation performances for formic acid,
methanol, and water at low potentials. Taken together, these
results substantiate that Ru—Cu NTs@CM exhibits excellent
catalytic selectivity for FOR at low potentials, which remains
unaffected by the presence of formate or methanol. In Figure
S40, the gas product from FOR was confirmed as H, by gas
chromatography. In addition, isotope-labeled online differential
electrochemical mass spectrometry (DEMS) was used to identify
the origin of H atoms during the FOR. Figure 4i displays the
DMES signals of FOR gaseous products in D,O containing 1 M
KOD and 0.6 M HCHO. Only the signal of H, (m/z = 2) was
detected in response to the impulse potential, demonstrating that
all H atoms are released from HCHO to produce H, [16].

2.4 | (Quasi) In situ Characterizations

To further elucidate the crucial role of Ru-doping in the FOR
catalytic enhancement of the Cu catalyst, a series of (quasi) in situ
characterizations were conducted. Figure 5a,b presents the quasi
in situ XRD patterns of Cu NWs@CM and Ru—Cu NTs@CM,
respectively, after 2 h of electrolysis in 1 M KOH and 0.6 M
HCHO at potentials ranging from 0.3 to 0.8 V vs. RHE. For Cu
NWs@CM, characteristic peaks of Cu,O are observed when the
electrolysis potential exceeds 0.5 V vs. RHE, with their intensity
enhancing at more positive potentials (Figure 5a). By contrast,
feature peaks of Cu,O are invisible for Ru—Cu NTs@CM, even at
a high electrolysis potential of 0.8 V vs. RHE (Figure 5b). At 0.8 V
vs. RHE in 1 M KOH and 0.6 M HCHO, in situ Raman spectra
of Cu NWs@CM reveal a continuous increase in the intensity of
Cu,O peaks over the course of electrolysis, with CuO peak also
emerging after 20 min (Figure 5c) [20]. In comparison, neither
Cu,0 and CuO feature peaks appear in the in situ Raman spectra
of Ru—Cu NTs@CM (Figure 5d). All these results collectively
further confirm the enhancement of the anti-oxidation property
of Ru-doped Cu during the FOR process, especially at the high
potentials.

In 1 M KOH in the absence of HCHO, however, Ru—Cu
NTs@CM exhibits largely similar electrochemical property to
Cu NWs@CM, albeit with a marginally enhanced resistance
to oxidation (Figure S41). Typically, the electrooxidation of Cu
in alkaline media involves OH~ adsorption on the surface,
subsequent absorption into the bulk, and the dehydration of
adsorbed/absorbed OH* species to form Cu,O, followed by

further oxidation to CuO (Figure S42) [33]. However, the presence
of HCHO in the electrolyte can consume the surface-adsorbed
OH* species, thereby initiating the FOR. For Ru—Cu NTs@CM,
the optimized balance of adsorption affinities between the
HCHO-derived intermediates and OH* species, along with the
enhanced reaction kinetics, are critical to enabling efficient FOR
while suppressing catalyst self-oxidation (Figure 5e). The active
organic species within the THP is inferred to be hydrated HCHO
(H,C(OH),) during the FOR. The accumulation of OH™ ions in
the electric double layer (EDL) is expected to repel negatively
charged HCHO-derived intermediates (Figure S43). Within IHP,
furthermore, the proceeding of OH~ adsorption may facilitate
the conversion of the ionized HCHO-derived species back to
H,C(OH),.

To probe the reaction intermediates during the FOR, in situ
Raman spectra of Ru—Cu NTs@CM were recorded after 5 min
of FOR electrolysis, as presented in Figure 5f. The pronounced
peaks at ~ 1055 and ~ 1352 cm™! intensify with increas-
ing electrolysis potential, which are respectively ascribed to
C—OH terminal groups in H,C(OH),*/H,COOH*/HCOOH* and
the symmetric stretching of oxygen-bound O—C—O group in
H,COOH*/HCOOH* [34, 35]. The peak observed at ~ 1555 cm™!
corresponds to the asymmetric O—C—O stretching of the formate
product [35]. Its consistent intensity across applied potentials
indicates excellent product desorption behavior on the surface
of Ru—Cu NTs@CM. The four additional peaks at around 355,
587, 814, and 1035 cm™! are assigned to the rotational modes
of H, [36]. Their intensities increase with rising potential, in
accordance with the enhanced FOR rate observed at higher
applied potentials.

2.5 | DFT Calculations

DFT calculations were conducted to gain insights into the
mechanistic role of Ru-doping in enhancing the HER and FOR
activity for the Cu catalyst. A Cu (111) model with a single Ru
atom substituted for one surface Cu atom was constructed to
represent the Ru-doped Cu system, while pristine models of Cu
(111) and Ru (0001) were also constructed for comparison (Figure
S44). The activity for the acidic HER was evaluated using the
Gibbs free energy of hydrogen adsorption (AGy-), with a smaller
absolute value indicating higher activity [37]. In Figure 6a, the
trigonal Cu,Ru site on the Ru-doped Cu surface exhibits the
optimal AGy. value of —0.128 eV (Figure S45), representing a
significant improvement compared with pristine Cu (trigonal Cu,
site, 0.214 eV) and Ru (trigonal Ru, site, —0.211 eV). The result is
consistent with the enhanced HER activity observed for Ru—Cu
NTs@CM.

Figure 6b presents the free energy diagram for the FOR pathway,
accompanied by the corresponding schematic illustrations in
Figures S46-S48. The proposed FOR mechanism involves the
adsorption of OH~ with one-electron transfer, after which the
adsorbed H,C(OH),* reacts with OH* to release H,O. The
subsequent cleavage of the C—H bond produces H*, which
then combines to form and release H, [16]. For Ru-doped Cu,
Ru-centered sites are the active sites for H,C(OH),* and the
subsequent organic intermediates, while Cu is the active site
for OH*. Doping with Ru obviously reduces the energy barrier
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FIGURE 5 | Quasiinsitu XRD patterns of (a) Cu NWs@CM and (b) Ru—Cu NTs@CM after the electrolysis in 1M KOH and 0.6 M HCHO at different
potentials for 2 h. In situ Raman spectra of (¢) Cu NWs@CM and (d) Ru—Cu NTs@CM recorded at 0.8 V vs. RHE in 1 M KOH and 0.6 M HCHO for
different electrolysis times. (e) Schematic illustration of potential-dependent states of Cu and Ru-doped Cu in 1 M KOH and 0.6 M HCHO. (f) In situ
Raman spectra of Ru—Cu NTs@CM recorded after the electrolysis in 1 M KOH and 0.6 M HCHO at different potentials for 5 min.

for H,C(OH), adsorption to 0.08 eV from 0.18 eV on pristine
Cu, although the pure Ru shows a highly favorable adsorption
energy of —0.08 eV. This result directly corroborates the OCP
analysis in Figure 4e. The rate-determining step (RDS) for Ru-
doped Cu is C—H cleavage, which exhibits a lower barrier of
0.66 eV compared to 0.8 eV on pristine Cu, confirming that
Ru-doping promotes FOR intrinsic activity. The FOR RDS for
pure Ru is the reaction between H,C(OH),* and OH*, which
has a barrier of 0.51 eV. This value is even lower than the RDS
barrier of Ru-doped Cu (0.66 eV). Paradoxically, the experimental
LSV curves in Figure 4d reveal a significantly higher FOR onset
potential for Ru NPs@CC compared to Cu-based catalysts. This
apparent contradiction between computational and experimental
results should be attributed to the initial electrochemical step of

OH™ adsorption [38, 39]. While a previous study has shown that
OH~ adsorption commences at a low potential of < —0.3 V vs.
RHE on Cu surfaces in alkaline media [38], this process likely
initiates at a more positive potential of >—0.1 V vs. RHE on Ru
[39]. This shift can be rationalized by the higher potential of
zero charge (PZC) of Ru compared to Cu [29]. The more positive
PZC means cations (K*), electroneutral H,0 and H,C(OH),
molecules dominate the EDL (particularly IHP) on Ru at low
potentials, raising the potential threshold for OH™ adsorption on
Ru surface [40, 41]. Therefore, a higher onset potential is required
for Ru NPs@CC to initiate the FOR, despite the calculated lowest
RDS barrier for Ru among the models. From another perspec-
tive, this contradiction further supports the proposed catalytic
mechanism.
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Figure 6¢ displays the density of states (DOS) and the correspond-
ing d-band centers (¢4) for Ru-doped Cu, Cu, and Ru. The g4
value of Ru-doped Cu is —2.23 €V, slightly higher than that of
pristine Cu (—2.29 eV). This upshift in d-band center enhances
the bonding strength between the catalyst surface and organic
intermediates, which facilitates faster FOR kinetics and helps
suppress Cu self-oxidation. Furthermore, Bader charge analysis
indicates that the doped Ru atom gains 0.23 electrons from the
Cu matrix (Figure 6d), consistent with the trends observed in
XPS and XAS spectra. Together, all theoretical results solidly
support the crucial role of Ru-doping in modifying the elec-
tronic structure of Cu and tuning the EDL structure, ultimately
enhancing the catalytic activity and stability for both HER and
FOR.

2.6 | Application for the Asymmetric FPFC

Building on the excellent HER and FOR catalytic activity of
Ru—Cu NTs@CM, a hybrid alkaline-acidic FPFC of Ru—Cu
NTs@CMIIRu—Cu NTs@CM was constructed using Ru—Cu
NTs@CM as both the cathodic and anodic catalyst. The asymmet-
ric electrolytes consist of 1 M KOH and 0.6 M HCHO and 0.5 M
H,SO, for FOR and HER, respectively, which are seperated by a
BPM. For comparison, the Ru—Cu NTs@CMI||IRu—Cu NTs@CM
electrolyzers were also assembled for FOR-WS in the hybrid
electrolytes of 1 M KOH and 0.6 M HCHOII1 M KOH and for OWS
in 1 M KOH. The LSV curves of the Ru—Cu NTs@CMI|IRu—Cu
NTs@CM cell/electrolyzer for FPFC, FOR-WS, and OWS were
presented in Figure 7a. To achieve the current densities of 10, 50,

and 100 mA cm~2, the FOR-WS mode requires significantly lower
cell voltages of 0.05, 0.29, and 0.53 V, respectively, compared with
1.55, 1.89, and 2.07 V for the OWS mode. This voltage reduction
is attributed to the substantially lower A;G,,° of FOR relative
to OER. Notably, the FPFC mode converts the electric energy
from input into output, operating at the negative voltages of —0.7,
—0.45, and —0.12 V at 10, 50, and 100 mA cm™2, respectively.
This additional voltage reduction results from the harvesting of
ENE.

Compared with the Cu NWs@CM||Cu NWs@CM reference cell,
the Ru—Cu NTs@CMIIRu—Cu NTs@CM cell exhibits superior
performance, as revealed by the LSV curves in Figure 7b. The
Ru—Cu NTs@CMIIRu—Cu NTs@CM cell exhibits a higher OCV
of 1.03 V than the Cu NWs@CMIICu NWs@CM cell (0.86 V),
Figure 7c. Prior to OCV measurement, it is important to note
that the dissolved O, must be purged with Ar gas to prevent
interference from the oxygen reduction reaction (Figure S49). In
Figure 7d, the Ru—Cu NTs@CMIIRu—Cu NTs@CM cell achieves
a maximum power density of 18.3 mW cm™2 at 53.4 mA cm™2,
representing a significant enhancement compared to the Cu
NWs@CMI|ICu NWs@CM cell (11.7 mW cm~2 at 37.3 mA cm™2).
The FPFC of Ru—Cu NTs@CMI|IRu—Cu NTs@CM is also remark-
able when comparing with the state-of-the-art self-powered H,
production systems in terms of FE, OCV, and power density
(Table S4). The galvanostatic discharge profiles in Figure 7e
further demonstrate the superior voltage performance of the
Ru—Cu NTs@CMI|Ru—Cu NTs@CM cell across various current
densities. Compared to the Cu NWs@CMIICu NWs@CM cell,
the Ru—Cu NTs@CMI|IRu—Cu NTs@CM cell achieves higher

10 of 13

Advanced Science, 2026

85U801 SUOWWIOD BAIIERID 8|gedlidde ay) Aq pausenob afe sajole YO ‘8sn JO S9N 10} Areiq) 8UIUO /8|1 UO (SUONIPUD-PUE-SWLBI 00" A8 |1 Aeiq 1 Ul [Uo//Sdy) SUONIPUOD Pue SWLB | 8L 88S *[9202/T0/22] Uo Ariqiauliuo A8|im ‘a1Bojouyos L Ind 1minsu| Jeynss|ey A 668225202 SAPR/Z00T OT/I0p/W00" A8 | Ake.d 1 jpuuo"peoueApe//sdny Wwolj pepeoiumod ‘0 ‘8E86TZ



100 I - 100 1.2
a i:"FOR*v’vb b Ru-Cu NTs@CM c * Ru-CuNTs@CM
804 / 80{ —— Cu NWs@CM . s CuNWs@CM
] =
S - / o < 1.0
£ 6012 / 5 £ 60 3
2 3 / B < 8
E 40z =2 £ S —
= £ s = 5 0.8
2044 / 5 201 S
0 ; el : 0 : . ; : 0.6 : : :
1.0 -05 00 05 15 20 1.0 -08 -06 -04 -02 0.0 0 150 300 450 600
E (V) E(V) t(s)
d 14 5@ 12 f 4
* Ru-CuNTs@CM » Ru-CuNTs@CM
127 cunws@cm loog 1.0 * CuNWs@CM 3]
= 104, . “"\308 2 mA cm? T
?%” 0.8«1 15§ % PP 5ma cm? e 2
3 § 2 T 06— g=210 mA cm? :(-’
S 087 10 57 I 20mAcm?| g |
3 041 @ 904 T eum—= Y
g o | & 804 .
0.2 I
&5 . W N S 0.2 01 1t 3rd  4th 5th
0 20 40 60 80 100 120 00 05 10 15 20 0 100 200 300
j (mA cm?) t (h) t(h)

FIGURE 7 |

400% FE for H, production
FPFC
Cathode: H* + e~ — 1/2H,
Anode: HCHO + OH™ — 1/2H, + HCOOH + e~
FOR-WS
Cathode: H,0 + e~ - 1/2H, + OH™
Anode: HCHO + OH™ = 1/2H, + HCOOH + e~

(a) LSV curves of the Ru—Cu NTs@CMIIRu—Cu NTs@CM cell/electrolyzer for FPFC, FOR-WS, and OWS. (b) LSV curves of the Ru—Cu

NTs@CMIIRu—Cu NTs@CM and Cu NWs@CMI|Cu NWs@CM cells for FPFC. (c) OCVs, (d) discharge polarization curves and corresponding power
density, and (e) discharge plateaus at various current densities for the Ru—Cu NTs@CMI|IRu—Cu NTs@CM and Cu NWs@CMI|ICu NWs@CM cells. (f)
Current density measured over 5 consecutive cycles for the Ru—Cu NTs@CMIIRu—Cu NTs@CM cell using the 1000 Q external resistors. (g) Schematic
illustration of an integrated system by connecting FPFC with FOR-WS to achieve 400% FE for H, production.

output voltages of 0.77, 0.67, 0.59, and 0.47 V at discharge
current densities of 2, 5, 10, and 20 mA cm™2, respectively. By
connecting three Ru—Cu NTs@CMIIRu—Cu NTs@CM cells in
series, a red light-emitting diode can be successfully illuminated,
as demonstrated in Figure S50. To evaluate the operational
durability, the Ru—Cu NTs@CMI|IRu—Cu NTs@CM cell was
operated under a constant load of 1000 Q (Figure S51). The
discharge current density was monitored throughout the test,
and the electrolytes were replenished each time the current
density approached zero. In Figure 7f, the discharge current
density profiles exhibit high reproducibility over 5 consecutive
cycles, which can be attributable to the outstanding catalytic
stability of the Ru—Cu NTs@CM catalyst for both acidic HER and
alkaline FOR. Interestingly, the electricity generated by the FPFC
can successfully drive the operation of the FOR-WS, thereby
achieving a theoretical FE of 400% for H, production in this
integrated system (Figure 7g; Movie S1).

3 | Conclusion

In summary, we developed a novel hybrid alkaline-acidic FPFC
system. Through thermodynamic regulation, the system achieves
a favorable A,G,° of —101.5 kJ mol™', enabling simultaneous
bipolar H, production and electricity generation. A robust
Ru—Cu NTs@CM catalyst was designed and fabricated for effi-
cient electrocatalysis of both the HER and FOR, demonstrating
superior intrinsic activity compared to pristine Cu NWs@CM
and Ru NPs@CC catalysts. By synergistically leveraging both
thermodynamic and kinetic modulation, the assembled Ru—Cu
NTs@CMIIRu—Cu NTs@CM FPFC cell delivers remarkable per-
formance, achieving a high OCV 0f1.03 V and a maximum power
density of 18.3 mW cm™ at 53.4 mA cm~2, alongside concurrent
bipolar H, generation. Detailed experimental and theoretical
analyses reveal that Ru-doping is critical for enhancing the intrin-
sic activity and stability of the Cu-based catalyst for HER and
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FOR. The enhancement mechanisms primarily involve electronic
structure modification, EDL (particularly IHP) restructuring, and
improved anti-oxidation capability. Furthermore, the integration
of FPFC with the FOR-WS system achieves a favorable FE of 400%
for H, production, showcasing a pioneering strategy for highly
efficient H, generation.
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