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ABSTRACT: Electrocatalytic hydrogenation (ECH) of glucose
and xylose was studied on Ag, Au, Cu, Pt, and Zn polycrystalline
metals. The metal catalysts were roughened electrochemically to
expose more active sites. Estimates of surface roughness obtained
from the determination of electrochemical surface areas (ECSA)
were consistent with those obtained from physical measurements
(i.e., confocal white light microscopy). The rough Cu catalyst gave
the highest selectivity of 21.1% toward sorbitol production for a
glucose conversion of 25.7% and the highest xylitol selectivity of
67.1% for a xylose conversion of 30.8%. Aside from hydrogenation
products, significant amounts of 2-deoxyxylitol were formed over
the Ag and Zn catalysts during xylose ECH. The results obtained
demonstrate the dependence of ECH rate and product selectivity
on the chemical properties of the metal catalysts. pH studies of ECH reactions show that appreciable yields of sorbitol and xylitol can
be achieved at neutral pH (pH 7), with negligible formation of ketose side products. Furthermore, the Faradaic efficiency (FE)
toward xylitol formation increased with more negative applied potentials and was highest at −1.0 V (vs RHE), while the maximum
FE for sorbitol occurred at a less negative potential (−0.7 V). Therefore, the ECH rate depends not only on the amount of available
chemisorbed hydrogen obtained from water splitting reactions but also on the reactivity of the substrate toward ECH. This work
provides the basis for improving electrocatalytic systems for ECH of sugars and a step toward efficient valorization of these
compounds from versatile biomass sources.
KEYWORDS: electrocatalysis, surface roughness, xylose, glucose, hydrogenation, sorbitol, xylitol

1. INTRODUCTION
The transition to sustainable production of fuels and
chemicals, which would replace fossil-based alternatives, calls
for environmentally friendly and cost-effective technologies for
biomass valorization. Although biomass has the potential to
satisfy a considerable part of the global demand for fuels and
chemicals, its processing poses many technical challenges. To
increase their energy density, it is beneficial for biomass
compounds to have a high hydrogen content and low oxygen
content.1 However, conventional hydrotreatment and thermo-
catalytic hydrogenation at high H2 pressures and temperatures
are not easily applicable to biomass feedstocks due to the high
water content and harmful side reactions that can deactivate
the catalysts. Therefore, low-temperature hydrogenation
processes in the aqueous phase need to be developed to
upgrade biomass-derived compounds.
Electrocatalytic hydrogenation (ECH) has attracted atten-

tion in recent years as a feasible route for biomass upgrading
due to its operability in aqueous feedstocks and mild reaction
conditions. One advantage of ECH is that hydrogen can be
derived directly from the electrolysis of water, thereby

eliminating the need for a high-purity hydrogen supply. The
energy supplied to power ECH can be derived from renewable
electricity (e.g., solar, wind) which serves as the basis for
energy storage in chemical bonds and decentralized production
of fuels and value-added chemicals.1 However, a better
understanding of electrocatalytic systems is needed to make
ECH technically feasible for widespread implementation.
Earlier studies on ECH of oxygenated compounds include

phenol and benzaldehyde,2−9 acids (e.g., levulinic, muconic,
lactic acids),10−14 furfural,15−18 and sugars (e.g., glucose,
glyceraldehyde).19−25 Hydrogenation of the adsorbed substrate
occurs via the addition of a chemisorbed hydrogen or through
a proton-coupled electron transfer (PCET) in a sequential or
concerted manner, as shown in Scheme 1.
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The chemisorbed hydrogen is formed over a metallic
catalyst, M upon the application of a suitable electric potential
(eq 1). Hydrogen evolution reaction (HER) then proceeds
through the Tafel (eq 2) or Heyrovsky (eq 3) reactions:

+ + +H O e M MH OH (Volmer reaction)2 (1)

F +2MH 2M H (Tafel reaction)2 (2)

F

+ +
+ +

MH H O e

M H OH (Heyrovsky reaction)
2

2 (3)

The competing HER decreases the selectivity or Faradaic
efficiency (FE) toward ECH, which depends on the surface
coverage of adsorbed hydrogen and organic substrate.26 The
ECH rate of organic substrates has been observed to be
influenced by the nature of the electrode material,5,7,9,19,27 the
catalyst surface,3,4 electrolyte composition, and reaction
conditions.20,23−25,28,29 We have studied the ECH of glucose
and xylose over carbon-supported gold catalysts30,31 and
observed the effects of the surface morphology of the catalyst,
cluster size of the metal, and applied potential on the
hydrogenation rate. Gold was chosen as a catalyst due to its
selectivity toward sorbitol formation, based on the study by
Kwon et al.19 on electrocatalytic glucose hydrogenation. In the
same study, other late transition metals (e.g., Fe, Co, Ni, Cu,
Pd, Ag) were also observed to be selective toward sorbitol
production. Due to the observed effects of catalyst surface
morphology on the hydrogenation activity, it is worthwhile to
explore and compare the activities of various metals (alongside
Au), with modified surfaces to increase roughness, toward
sugar ECH. Moreover, the effect of surface roughening on the
catalytic activity and selectivity was studied for individual metal
catalysts.
In this study, the ECH of glucose and xylose was studied on

different metal catalysts (Ag, Au, Cu, Pt, and Zn). These
metals exhibit different overpotentials for HER that is
associated with their hydrogen binding energy.32 The activity
of these metals toward ECH would provide evidence of the
reactivity of the sugars over the different metal surfaces. This
could in turn help develop catalysts that are more selective for
sugar ECH. Glucose and xylose were chosen as model
compounds for the valorization of hemicellulose which can
be extracted from wood biomass through hot water
extraction.33−35 Glucose and xylose monomers can be obtained
from acid hydrolysis of hemicellulose in batch or continuous

reactors.36−38 The catalysts investigated were metal plate
electrodes, which were electrochemically roughened to expose
more active sites and to increase the rate of ECH of the sugars.
The most active catalyst, namely, rough Cu, was studied in
more detail at different experimental conditions (pH and
electric potential) to determine ideal conditions for ECH.

2. EXPERIMENTAL SECTION
2.1. Materials. D-Glucose (BioUltra, ≥98 wt %) and D-

xylose (BioUltra, ≥99% wt) reagents were obtained from
Sigma-Aldrich. All other chemicals, Na2SO4, KCl, NaOH,
H2SO4, and HClO4, were of analytical grade and obtained
from commercial sources. All solutions were prepared using
deionized water (resistivity of 18 MΩ·cm).
2.2. Electrochemical Roughening of Metal Electro-

des. Pure metal plates with geometric surface areas of 3−4
cm2 were used in this research work. Prior to use, all of the
metal electrodes were first polished with SiC paper and then
with 0.3 μM alumina slurry. In between polishing steps, the
electrodes were washed with deionized water and cleaned in an
ultrasonic bath. The metal electrodes were then subjected to
electrochemical roughening using a single-compartment
electrochemical cell connected to a Gamry (ref 620)
potentiostat. Except for Pt roughening, a Metrohm single-
junction Ag/AgCl/3 M KCl reference electrode was used in all
experiments. For all electrochemical procedures, the working
solution was initially purged with N2 gas for 15 min to remove
dissolved oxygen, and the N2 supply was kept above the surface
of the liquid during each experiment. All electrochemical
roughening procedures were carried out at room temperature
(23 ± 2 °C).

2.2.1. Ag. The electrochemical roughening procedure for Ag
was adopted from the work of Lian et al.39 A silver metal plate
(geometric area = 3 cm2) was connected as the working
electrode, and a glassy carbon (GC) rod was used as the
counter electrode. The electrodes were immersed in 0.2 M KCl
solution. Five (5) oxidation−reduction cycles (ORC) were
made from −0.31 to +0.39 V at a scan rate of 5 mV s−1.
Afterward, the electrodes were washed with deionized water,
and the working solution was replaced with 0.1 M Na2SO4.
The potential was held at −0.31 V for 300 s, and the
roughened Ag electrode was taken out of solution and rinsed
thoroughly with deionized water.

2.2.2. Au. The gold catalyst was prepared following the
electrochemical roughening procedure by Mie et al.40 with
modifications. A gold metal plate (4 cm2) was immersed in 35
mM HCl and a potential of +1.21 V was applied for 30 min.
The counter electrode used was a GC rod. The gold electrode
was then thoroughly washed with deionized water. Afterward,
the electrodes were immersed in 0.1 M Na2SO4 solution and
the potential was swept linearly from 0.0 to −1.8 V at a scan
rate of 5 mV s−1. The roughened Au electrode was then
washed thoroughly with deionized water.

2.2.3. Cu. The electrochemical roughening procedure for Cu
was based on the work of Chen et al.41 used to prepare stable
Cu mesocrystals. A copper metal plate (4 cm2) and a GC
counter electrode were immersed in aqueous 0.1 M KCl. Five
(5) ORCs were made from −0.32 to +1.18 V at a scan rate of
500 mV s−1. During each cycle, the potential was held at the
positive limit for 10 s and at the negative limit for 5 s. The Cu
electrode was then washed thoroughly with deionized water.
Afterward, the electrodes were immersed in 0.1 M Na2SO4
solution, and a potential of −1.3 V was applied to the Cu

Scheme 1. Possible Reaction Pathways for the
Electrochemical Hydrogenation Shown for a Sugar
Moleculea

aGreen arrows represent the mechanism that involves a chemisorbed
hydrogen atom. Blue arrows indicate the simultaneous or sequential
transfer of protons and electrons to the reacting species.
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electrode for 3600 s. The roughened Cu electrode was then
taken out of solution and washed with deionized water.
2.2.4. Pt. A three-electrode system was constructed using a

platinum plate (4 cm2) working electrode, a coiled platinum
wire as counter electrode, and an Ag/Ag2SO4 pseudoreference
electrode. The Ag/Ag2SO4 pseudoreference electrode was
employed to prevent chloride contamination from an Ag/
AgCl/3 M KCl reference electrode that could interfere with
oxide formation. The potential difference between the Ag/
Ag2SO4 pseudoreference electrode and a commercial Ag/
AgCl/3 M KCl reference electrode was +0.28 V. The
electrochemical roughening of the Pt plate electrode was
carried out by running 200 ORCs between −0.4 and +2.4 V vs
Ag/Ag2SO4 in 0.5 M H2SO4 at a scan rate of 100 mV s−1. The
potential range was based on the roughening procedure used
by Weremfo et al.42 for a Pt electrode. At the end of the
potential cycling, the potential was maintained at −0.4 V for 30
min to reduce any surface oxide produced. Thereafter, the
roughened Pt electrode was taken out of the working solution
and washed thoroughly with deionized water.
2.2.5. Zn. The electrochemical roughening procedure for Zn

used by Gu et al.43 was employed to prepare the Zn catalyst. A
zinc plate electrode was connected as a working electrode, and
a GC rod was used as counter electrode. The electrodes were
immersed in an aqueous 0.5 M NaClO4 solution. Forty (40)
ORCs were applied on the Zn electrode between −1.56 and
−0.66 V at a rate of 50 mV s−1. At the end of the ORCs, the
potential was maintained at −1.56 V for 300 s to reduce the
zinc oxide on the surface completely. Thereafter, the
roughened Zn electrode was removed from the solution and
washed with deionized water.
2.3. Characterization of the Textural Properties of

Roughened Metal Catalysts. The surface morphologies of
the roughened metal catalysts were studied by using scanning
electron microscopy (SEM). The instrument used (Leo
Gemini 1530) is equipped with a Thermo Scientific UltraDry
Silicon Drift Detector. Energy-dispersive X-ray analysis
(EDXA) was used to determine the chemical composition of
the metal surfaces. Confocal white light microscopy (Nano-
Focus μSurf) was used to take three-dimensional (3D) images
of the roughened metal catalysts and to provide a quantitative
estimate of the surface roughness of each metal electrode. The
structural analysis and phase purity of the most active catalyst
were carried out by X-ray powder diffraction using a
diffractometer (PANalytical Empyrean) with five-axis goni-
ometer. The supplied X-ray radiation (Empyrean Cu LFF) was
filtered to include only Cu Kα1 and Cu Kα2 components. The
results were analyzed using MAUD (Material Analysis Using
Diffraction) program.
2.4. Electrochemical Measurements. Electrochemical

characterizations were carried out by using cyclic voltammetry
(CV) and linear sweep voltammetry (LSV). The measure-
ments were conducted in an H-shaped electrochemical cell
divided by a Nafion 117 membrane (Ion Power, Inc.). The
cleaning procedure for the glass H-cell and Nafion membrane
preparation can be found in our earlier studies.30,31 The first
chamber of the H-cell held the rough metal working electrode
and the reference electrode (Ag/AgCl/3 M KCl, Thermo
Scientific Orion 900100) immersed in 30 mL of the working
solution (aqueous 0.1 M glucose or xylose with 0.1 M Na2SO4)
while the second chamber contained the counter electrode in
30 mL of the supporting electrolyte solution (0.1 M Na2SO4).
The counter electrode was constructed by attaching an

activated carbon cloth (0.60 mm thickness, Kynol) to a
carbon rod (99.999% carbon, Strem Chemicals, Inc.) using
carbon glue (Electrodag PF-407C). The electric potential was
supplied by a Gamry (Reference 620) potentiostat at room
temperature (23 ± 2 °C). The applied potentials during
electrochemical characterization and catalytic tests were
converted from the Ag/AgCl to the RHE scale using the
equation: E(RHE) = E(Ag/AgCl) + Eo(Ag/AgCl) + 0.059pH,
where Eo(Ag/AgCl) has the value of 0.197 V (potential of Ag/
AgCl/3 M KCl versus the normal hydrogen electrode) and the
pH corresponds to the pH of the reaction solution. In all
experiments, the working solution was purged with N2 gas
prior to measurement and the N2 gas supply was maintained
on the surface of the liquid throughout the measurement.
The electrochemically active surface areas (ECSA) of the

roughened metal electrodes were estimated by measuring their
double-layer capacitance with a cyclic voltammetric procedure
as described by McCrory et al.44 The CV measurements were
carried out in an H-shaped electrochemical cell divided by a
Nafion 117 membrane. One compartment contained the
roughened metal as a working electrode and reference
electrode immersed in 25 mL of 1 M NaOH. The other
compartment contained the counter electrode immersed in 25
mL of 1 M NaOH solution. The potential range of the CV was
0.1 V and was centered at the open circuit potential (OCP) of
the system. At this range, all of the currents generated are
associated with non-Faradaic processes. During the CV, the
potential was swept from the more positive potential toward
the more negative potential and back for three cycles. The
working electrode was held at each potential vertex for 10 s
before the next sweep. CV was carried out using 6 different
scan rates: 1, 5, 7.5, 10, 20, and 50 mV s−1, and three cycles
were recorded for each scan rate.
2.5. Electrocatalytic Hydrogenation of Glucose and

Xylose. The activity of the roughened metal catalysts toward
glucose and xylose ECH was tested by constant-potential
electrolysis using the H-shaped electrochemical cell config-
uration described in 2.4. The designated potentials were
applied to each of the working electrodes for 6 h in a solution
of 0.1 M glucose or 0.1 M xylose with 0.1 M Na2SO4
supporting electrolyte at room temperature (23 ± 2 °C).
During the reaction, the solution was magnetically stirred at
approximately 500 rpm. Samples were collected from the
reaction solution during electrolysis and analyzed.
Optimization experiments for reaction conditions (pH,

applied potential) were carried out in a single-compartment
electrolytic cell with the temperature maintained at 25 °C by
using a thermal bath. The designated pH was maintained by
the addition of 1 M NaOH or 1 M H2SO4 using an automatic
titrator (Metrohm 799 GPT Titrino) equipped with a pH
sensor. The reaction solution was stirred during electrolysis by
using a magnetic stirrer set at approximately 500 rpm. The
reaction products were analyzed using HPLC with a refractive
index detector. Samples collected were immediately neutral-
ized to pH 7 using dilute NaOH or H2SO4 solution. The
HPLC column used was an Aminex HPX-87C that was
maintained at 50 °C and the eluent was 1.2 mM CaSO4
solution at a flow rate of 0.3 mL min−1.

3. RESULTS AND DISCUSSION
3.1. Surface Characteristics of Roughened Metal

Electrodes. 3.1.1. Ag. The surface of the Ag electrode was
roughened by successive ORCs in 0.2 M KCl and subsequent
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reduction in 0.1 M Na2SO4. As seen from the SEM image
(Figure 1a), the surface of the roughened Ag became
nanoporous with ligaments 100−300 nm in size compared to
the unroughened Ag surface (Figure S1a). The cyclic
voltammogram recorded in 0.2 M KCl (Figure S2) during
the roughening procedure showed a main oxidation peak at ca.
+ 0.35 V and a reduction peak at ca. −0.30 V. The anodic peak
is attributed to the oxidation of Ag0 to Ag+ and the
simultaneous formation of a Ag−Cl complex. The formation
of the Ag−Cl complex slowed down the diffusion and
subsequent reduction of Ag+ ions, which helped to form
small Ag nanoparticles.39 The resulting surface had a Ag purity
of 98% wt as obtained from EDXA (Figure S4a and Table S1).
3.1.2. Au. The Au electrode was oxidized by applying a

constant potential of +1.21 V in 36 mM HCl and was
subsequently reduced in 0.1 M Na2SO4 to facilitate the
removal of chloride ions. During the anodization, Cl− ions aid
in the dissolution of gold, which is followed by disproportio-
nation of Au−Cl complexes and deposition as nanoporous
gold.40 The procedure resulted in the formation of a network

of irregularly shaped gold nanoparticles (Figure 1b) compared
to the Au surface before electrochemical roughening (Figure
S1b). A closer look at the surface shows gold nanoparticles
with sizes of 50−150 nm (Figure S3) with high Au purity of
97% (Table S1).

3.1.3. Cu. Electrochemical roughening of a polished Cu
plate was accomplished by running 5 ORCs between −0.32
and +1.18 V in 0.1 M KCl and subsequent reduction by
applying −1.3 V in 0.1 M Na2SO4. This procedure resulted in
the formation of Cu mesocrystals in the form of cuboids 300−
500 nm in size (Figure 1c) that were absent in the
unroughened Cu surface (Figure S1c). The formation of Cu
mesocrystals is assumed to proceed via the dissolution of the
CuCl2 layer formed from the oxidation−reduction cycles
during the reduction step and further redeposition of the Cu
atoms on the surface of the metal.41 Analysis of the roughened
Cu surface by EDXA showed high Cu purity (95 wt %) with
no Cl or CuCl2 contaminants (Figure S4c).

3.1.4. Pt. Electrochemically roughening of Pt was carried out
by subjecting the plate electrode to 200 ORCs between −0.4

Figure 1. Scanning electron micrographs of electrochemically roughened Ag (a), Au (b), Cu (c), Pt (d), and Zn (e).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c04043
ACS Catal. 2023, 13, 14300−14313

14303

https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and +2.4 V vs Ag/Ag2SO4 in 0.5 M H2SO4 and subsequent
reduction in the same solution at −0.4 V for 30 min. The
repeated ORCs facilitated the formation of surface oxides,
which would then introduce irregularities on the Pt surface
upon reduction.42 Figure 1d shows the electrochemically
roughened Pt surface. Compared to the unroughened Pt
electrode (Figure S1d), there was only a slight change in the
surface morphology of the roughened electrode. Using
repeated square wave cycles in the same potential range, a
higher degree of roughness was previously obtained for a Pt
electrode.42 EDXA of the roughened Pt metal showed 100%
(wt) purity (Figure S4d).
3.1.5. Zn. A Zn plate electrode was roughened electro-

chemically by running 5 ORCs between −1.56 and −0.66 V
and subsequent reduction at −1.56 V for 300 s in 0.5 M
NaClO4 solution. The increase in anodic current in the cyclic
voltammogram (Figure S5) is associated with the formation of
zinc oxide on the surface of the electrode.43 In the reverse scan,
a cathodic peak at ca. −1.2 V can be observed, which

corresponds to the reduction of zinc oxide. Analysis of the
roughened Zn showed 92% purity with O, S, and Cu
contaminants. The SEM image of the roughened Zn electrode
(Figure 1e) showed flake structures with sizes from 200 to 750
nm (Figure S6), which were not present in the unroughened
Zn electrode (Figure S1e).
XRD analyses of the roughened metal plates showed

texturized diffraction patterns that match a face-centered
cubic crystal for the Ag, Au, Cu, and Pt catalysts (Figure S8a−
d). The Zn plate, on the other hand, showed mixed diffraction
patterns that can be assigned to Zn, ZnO, and Zn(OH)2
(Figure S8e). The diffraction peaks correspond to the
hexagonal structure of Zn and wurtzite ZnO. The diffraction
data are summarized in Table S2 in the Supporting
Information.
Confocal white light microscopy was used to characterize

the surface of the electrochemically roughened metal electro-
des and to provide a physical measure of the surface roughness.
The 3D micrographs of the rough metals are shown in Figure

Figure 2. Confocal white light micrographs of Ag (a), Au (b), Cu (c), Pt (d), and Zn (e) after electrochemical roughening. Images were obtained
by using a 50× magnification lens and a cutoff wavelength of 80 μm.
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2. The images shown were determined from photorealistic
shading and not from actual photographs. The parameter used
to describe the surface roughness is the arithmetic average
height (Sa), which is defined as the average absolute deviation
from the mean line drawn over the sampling length.45 A higher
Sa value indicates a higher degree of roughness. Sa values
determined for the roughened metal electrodes are listed in
Table 1. The highest Sa was measured for Zn (0.77 μm)

(Figure 2e). On the other hand, the lowest degree of
roughness was observed with the roughened Pt metal (Sa =
0.056 μm). As can be observed in the SEM (Figure 1d) and
confocal white light (Figure 2d) micrographs, Pt had a
smoother surface than the other roughened metals.
The experimentally obtained ECSA (see Section S2.1 in the

Supporting Information) was used to determine the roughness
factor (RF) of each of the roughened metals calculated by
dividing the ECSA by the geometric area of the electrode. The
ECSA and RF values for the roughened metals are listed in
Table 1. Due to inaccuracies associated with the method for
determining ECSA, it is estimated that the values are accurate
within an order of magnitude.44 However, this method was
used in the present study to provide an estimate of roughness
using a uniform method for determining the ECSA.
Furthermore, the experimentally obtained RF values were
used as an approximate guide in comparing surface roughness.
The RF values obtained from ECSA measurements and Sa

values from confocal white light microscopic analysis were
plotted together in Figure 3. As seen from the plot, the Sa
values were consistent with the trend for the RF values, which
would then provide a good basis for comparing the specific
activities of the metal catalysts toward sugar ECH.
3.2. Glucose and Xylose ECH over Rough Metal

Catalysts. Figure 4 shows the linear sweep voltammograms of

the roughened metal electrodes recorded in the pure
electrolyte and in the presence of 0.1 M glucose (Figure
4a,b) and 0.1 M xylose (Figure 4c,d). The current density was
expressed as the current normalized to the ECSA of each of the
rough metal electrodes. The dashed lines represent the
voltammograms recorded in the pure electrolyte (0.1 M
Na2SO4), where the cathodic currents are associated with the
reduction of water to H2 (HER). HER is indicated by the
gradual increase in cathodic current and occurs starting at ca.
−0.7 V for Ag and Au, −0.8 V for Zn, and ca. −0.6 V for Cu.
The onset of HER occurs earlier for Pt at ca. −0.4 V. The
current densities for the rough Cu and Zn metals (Figure 4b,d)
were significantly lower than for the other metals owing to
their much higher ECSA. Furthermore, a cathodic peak is
visible with the voltammogram of Zn in the pure electrolyte at
ca. −0.7 V which may be due to the reduction of zinc oxide on
the surface of the metal. Tafel plots derived from LSV curves in
0.1 M Na2SO4 are shown in Figure S10 and the corresponding
Tafel slopes are listed in Table S3. The magnitude of the Tafel
slope increased according to the following trend: Pt < Ag < Cu
< Zn < Au. A smaller Tafel slope often indicates faster HER
kinetics,46 and experimental results show higher HER activity
over Pt than on the other metals. Aside from the intrinsic
catalytic activity, higher ECSA also contributes to higher HER
activity,44 which would explain the lower Tafel slope of Zn
(285 mV dec−1) than Au (295 mV dec−1). A theoretical Tafel
slope value of 120 mV dec−1 characterizes HER mechanisms
limited by the Volmer or Hevrovsky steps (eqs 1 and 3).47

Deviations of experimental slopes from this theoretical value
could arise from the near-neutral pH (∼6.8) of the electrolyte
solution, wherein the HER activity is lower than in acidic
conditions.48

In the presence of glucose, the cathodic currents were
observed to be higher compared to those from HER for Ag, Au
(Figure 4a), and Cu (Figure 4b), which indicates that the
reduction of glucose is easier than water reduction on these
metals. Using voltammetry with online product analysis, Kwon
et al. showed that sorbitol is formed over Ag, Au, and Cu
starting from −0.9, −0.7, and −0.75 V (vs RHE).19 This
indicates that glucose ECH occurs concurrently with HER
over Ag, Au, and Cu since hydrogen gas evolution was also
visible during LSV in the sugar solutions. In the xylose
solution, the cathodic current was also higher than in the pure
electrolyte for the Ag electrode, while there was no observable
change in current density for Au (Figure 4c). For the Cu
catalyst, a cathodic peak was visible at ca. −0.7 V in xylose
solution (Figure 4d), which may be due to the reduction of
xylose, and current density was lower compared to that of HER
starting from −0.8 V. Lower cathodic current was also
observed for the rough Zn electrode in 0.1 M glucose (Figure
4b) and in 0.1 M xylose (Figure 4d) starting from ca. −0.8 V
compared to HER conditions. The decrease in current density
may be due to the adsorption of sugar molecules on the metal
surface, which then suppressed the HER in both Cu and Zn
electrodes. In contrast, for the Pt metal, the cathodic current
increased from a more positive potential in the presence of
glucose (Figure 4a) or xylose (Figure 4c) (both at ca. −0.2 V)
than in the pure electrolyte (ca. −0.4 V). This would indicate
that surface reactions involving glucose or xylose occur before
the onset of the HER over the Pt catalyst.
Constant-potential electrolyses were conducted in an

unbuffered solution of 0.1 M glucose or xylose in 0.1 M
Na2SO4 to determine the hydrogenation activity of each metal

Table 1. Experimental ECSA, RF, and Sa Values Obtained
for the Different Roughened Metals

roughened
metal

electrochemically
active surface area
(ECSA, cm2)

roughness
factor (RF)

arithmetic average height
(Sa, μm) (confocal white

light microscopy)

Ag 8.5 ± 1.0 3.1 ± 0.4 0.19 ± 0.05
Au 6.1 ± 1.4 1.5 ± 0.4 0.17 ± 0.05
Cu 88.9 ± 1.9 22.2 ± 0.5 0.31 ± 0.01
Pt 6.0 ± 0.5 1.5 ± 0.1 0.06 ± 0.01
Zn 182.5 ± 22.6 45.6 ± 5.7 0.77 ± 0.36

Figure 3. Plot of the roughness factor (RF, colored bars) values
obtained from ECSA measurements against roughness estimates
(arithmetic average height, Sa, connected blue squares) derived from
confocal white light microscopy for the roughened metal catalysts.
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catalyst. The applied potentials used during electrolyses are
listed in Table 2 and were determined from the LSV
experiments in a pure 0.1 M Na2SO4 solution (Figure S9),
where the potential on each metal catalyst corresponds to a
current density of 10 mA cmgeometric

−2. These applied potentials
would also correspond to the Tafel constants when defined as
the overpotential at 10 mA cmgeometric

−2 current density (ηj=10)
as shown in the Tafel plots for the metals (see Figure S10).
Also shown in Table 2 are the calculated Faradaic efficiencies
toward sorbitol or xylitol formation using the following
equation:

=
·

×
C F

FE (%)
mol of hydrogenation product
total charge passed ( )/( 2)

100
(4)

where the total charge is expressed in coulombs (C) and F
represents the Faraday’s constant (96,485 C mol−1) and the
theoretical number of exchanged electrons is two (2) electrons.
The total charge is determined from the current vs time plot
obtained from the chronoamperometric experiments in glucose
and xylose solutions (shown in Figure S11).
Figure 5 shows the conversion of glucose (Figure 5a) and

xylose (Figure 5c) over the different metal catalysts during the
6 h electrolysis experiments and the selectivity to various
products recorded after the reaction period (Figure 5b,d). The

Figure 4. Linear sweep voltammograms of the rough metal electrodes in 0.1 M glucose (a, b) and in 0.1 M xylose (c, d) with 0.1 M Na2SO4
supporting electrolyte. Dashed lines represent the voltammograms recorded in the pure electrolyte. The scan rate used was 5 mV s−1.

Table 2. Constant-Potential Electrolysis Data from Glucose and Xylose ECH over the Rough Metal Catalysts

metal catalyst applied potential (V vs RHE) glucose conversion (%) sorbitol FE (%) total charge (C) carbon balance (%)

Glucose ECH
Ag −1.12 15.9 ± 2.2 0.5 ± 0.1 667 ± 49 95.4 ± 1.1
Au −1.09 11.5 ± 2.0 0.4 ± 0.1 780 ± 27 97.8 ± 2.4
Cu −0.99 25.7 ± 1.3 2.4 ± 1.1 1117 ± 60 95.4 ± 2.9
Pt −0.79 16.7 ± 1.0 277 ± 10 95.3 ± 1.4
Zn −1.19 4.8 ± 0.5 1.1 ± 0.5 247 ± 2 84.5 ± 4.4

metal catalyst applied potential (V vs RHE) xylose conversion (%) xylitol FE (%) total charge (C) carbon balance (%)

Xylose ECH
Ag −1.12 18.3 ± 2.5 4.5 ± 0.2 577 ± 61 97.6 ± 1.5
Au −1.09 8.7 ± 3.0 0.3 ± 0.2 630 ± 67 68.2 ± 2.5
Cu −0.99 30.8 ± 4.8 9.8 ± 3.9 1087 ± 13 90.6 ± 1.2
Pt −0.79 8.3 ± 2.4 0.4 ± 0.1 260 ± 21 78.3 ± 5.0
Zn −1.19 16.1 ± 5.4 2.8 ± 1.2 391 ± 20 95.7 ± 2.8

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c04043
ACS Catal. 2023, 13, 14300−14313

14306

https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04043/suppl_file/cs3c04043_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04043?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


HPLC chromatograms of the reaction products from glucose
and xylose ECH are provided in Figure S12. The carbon
balance listed in Table 2 was calculated from the sum of the
selectivity of each known reaction product (Table S4).
Deficiencies in carbon balance arise from limitations in
product identification from HPLC analysis. For the glucose
ECH, the conversion of glucose observed on all metal catalysts
was mostly due to the isomerization into fructose, as can be
seen in Figure 5b. Sorbitol formation was observed over the
Ag, Au, Cu, and Zn catalysts, with the highest selectivity of
21.1% recorded for Cu for a conversion of 25.7% (Figure 5a).
Aside from sorbitol, mannitol formation was also observed
over the rough Cu catalyst with a corresponding selectivity of
4.7%. Mannitol is assumed to be formed from fructose, as
mannose was not detected at any point during the reaction.
This is supported by the study conducted by Owobi-Andely et
al.,29 wherein fructose was hydrogenated with a similar ratio
into sorbitol (40%) and mannitol (60%). On the Ag and Au
catalysts, the glucose conversion and sorbitol selectivity were
slightly higher for Ag (6.1% selectivity for 15.9% conversion)
than Au (3.6% selectivity for 11.5% conversion). The absence
of mannitol in the reaction product on either Ag or Au
suggests that sorbitol formation arises from glucose. Although
the glucose conversion over Zn was the lowest among the
studied catalysts, the selectivity toward sorbitol formation over
Zn (11.3%) was higher than either Ag or Au. The lower
glucose conversion on Zn is due to the suppression of HER in
the presence of glucose, as evident from the linear sweep
voltammetry experiments (Figure 4b). HER suppression would

result in less production of hydroxide ions that convert glucose
into fructose, as will be described later. Furthermore,
unidentified products were formed over Zn which accounted
for the deficiency in carbon balance (84.5%, Table 2). We
suspect that these are deoxygenated products as observed in
the work by Kwon et al.,19 but the concentrations are quite low
to be confirmed by NMR spectroscopy. In contrast, fructose
was the major product over Pt, the most active catalyst toward
the HER, with a selectivity of 95.4%, without observable
formation of hydrogenation products. Comparing the product
distribution after 3 and 6 h of electrolysis (Figure S13a), the
relative concentration of fructose increased at the end of the 6
h electrolysis period over all of the metal catalysts except for
Cu, without any observable formation of mannitol. For the
rough Cu catalyst, the selectivity to fructose remained roughly
the same between 3 and 6 h of reaction, while the selectivity to
mannitol increased from 1.1 to 4.7%, which further supports
the assumption that fructose is the precursor for mannitol
formation. In terms of current efficiency, the highest FE toward
sorbitol formation was recorded for Cu (2.4%), followed by Zn
(1.1%), Ag (0.5%), and Au (0.4%) (Table 2). The mannitol
FE over Cu was 0.5%, which was lower than that for sorbitol.
The observed FEs for the sugar alcohols were generally low,
which indicates that the charge supplied during glucose ECH
proceeded mostly toward the HER.
For the xylose ECH, xylitol was formed over all of the

studied catalysts with the highest selectivity of 67.1% observed
for the rough Cu catalyst for a conversion of 30.8% (Figure
5c,d). Higher xylose conversion and xylitol selectivity were

Figure 5. Relative conversions (%) of glucose (a) and xylose (c) during a 6 h constant-potential electrolysis carried out in 0.1 M glucose or xylose
in 0.1 M Na2SO4 supporting electrolyte. The selectivity (%) to the different reaction products from glucose (b) and xylose (d) ECH was
determined after the 6 h reaction period. ECH reactions were done at room temperature and pressure with a stirring speed of 500 rpm.
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observed for the rough Ag catalyst (26.6% selectivity for 18.7%
conversion) than Zn (14.0% selectivity for 16.1% conversion).
Relatively lower xylitol selectivity was observed for the Au and
Pt catalysts, with 3.8 and 6.2%, respectively. A similar extent of
xylose conversion was observed for Au (8.7%) and Pt (8.3%),
where the conversion was due to the formation of xylulose and
other byproducts on both metals (Figure 5d). Unidentified
products over Au and Pt resulted in deficiencies in carbon
balance (68.2 and 78.3%, respectively). Arabitol was formed
only on Cu, Ag, and Zn, with selectivity of 6.9, 2.7, and 0.8%,
respectively. Analogous to glucose ECH, arabitol is assumed to
be formed from the ketose isomer of xylose, xylulose. Looking
at the product distribution on each of the metal catalysts
between 3 and 6 h of reaction, there was a general decrease in
selectivity toward xylulose (Figure S13b). This indicates that
xylulose was consumed alongside xylose during the progress of
electrolyses. The highest xylitol FE was also observed for the
rough Cu catalyst (9.8%) followed by Ag, Zn, Pt, and Au
(Table 2). On the other hand, the FEs for arabitol formation
on Cu, Ag, and Zn were 1.0, 0.2, and 0.2%, respectively. Similar
to the glucose ECH, HER was the major competing reaction
during the ECH of xylose. However, the FEs toward the
formation of hydrogenation products were higher for xylose
ECH than those for glucose ECH (Table 2). This would
indicate higher reactivity of xylose than glucose toward ECH
over the prepared (electro)catalysts under the same reaction
conditions.
Aside from hydrogenation products, the formation of

deoxygenated products was detected by NMR spectroscopy
from the ECH of xylose over the roughened Ag and Zn
catalysts. The NMR spectra show the presence of deoxyxylitol
in the ECH products over Ag and Zn catalysts after 6 h of
electrolysis (Figure S14). Analysis using 1H−1H correlated
spectroscopy (COSY) indicates that the product formed was
2-deoxyxylitol (Figure S15). The formation of deoxy sugars
was observed in earlier studies on glucose ECH by Nobe et
al.24 over Raney Ni and by Kwon et al.19 over Zn metal, where
2-deoxysorbitol was identified as the product. Nobe et al.
suggested that fructose, formed from the base-catalyzed
isomerization of glucose, was reduced over Raney Ni
producing 2-deoxysorbitol. On the other hand, Kwon et al.
suggested that glucose itself could be the precursor to 2-
deoxysorbitol, as the C−O bond preferentially breaks in the
C−OH group adjacent to the carbonyl group in the reduction
of 2-carbon oxygenates,49 as well as for other monosacchar-
ides.25

To investigate the effect of surface roughening with the
present rough metal catalysts, we tested the ECH activities on
smooth metal catalysts and compared them with those of the
roughened metals. Figure S16 shows the catalytic values for
xylose ECH from the three most active catalysts, Ag, Cu, and
Zn. Xylose ECH was carried out at −1.26, −1.09, and −1.19 V
(vs RHE) over the smooth Ag, Cu, and Zn, respectively, to
match the potentials at which the current density was 10 mA
cm−2. The positive effect of roughening on the FE toward
xylitol formation can be observed with all of the metals, with an
increase in FE values by a factor of approximately 12, 3, and 7
for Ag, Cu, and Zn, respectively (Figure S16b). The overall
xylose conversion increased with higher surface roughness for
Ag and Cu (Figure S16a) but not for Zn. This is due to the
higher concentration of xylulose in the product solution over
the smooth Zn than the rough metal formed from the
isomerization of xylose.

The shape of the polycrystalline metal catalyst also
influenced the ECH rate, as observed for the Ag metal in
planar and rod (cylindrical form). As shown in Figure S17, the
sugar conversion was higher for the planar Ag than for a rod
after a fixed electrolysis period. However, the product
distribution was similar for both planar and rod geometry.
This relates to the surface contact between the catalyst and
reacting species, which is important to consider in the design
of efficient catalysts for ECH reactions.
In order to estimate the specific activity of the metal

catalysts toward glucose and xylose ECH, the amount of
sorbitol and xylitol produced over each metal was normalized
to its ECSA. From the ECSA-normalized yields for sorbitol
and xylitol (Figure S18) over the metal catalysts, the specific
activity toward glucose ECH followed the trend Ag > Au > Cu
> Zn > (Pt), while the trend for xylose ECH was Ag > Cu > Au
> Pt > Zn. In terms of ECH of carbonyl functionality, Roylance
et al. observed a higher activity of a Ag catalyst (prepared by
sputtering or galvanic displacement) compared to a metallic
Cu catalyst toward ECH of 5-hydroxymethylfurfural (HMF).16

In the study by Kwon et al. on the ECH of glucose,19 Au and
Cu showed comparable yields of sorbitol but at different
applied potentials, namely, −1.05 V (vs RHE) for Au and −1.3
V (vs RHE) for Cu. Pt metal was also found to be inactive
toward glucose ECH, possibly due to the faster kinetics toward
HER than ECH. The same study showed that sorbitol was
formed over a Zn catalyst with lower yield than Au or Cu.19

The trends observed for specific activities in this study,
however, rely only on the electrochemically active sites, which
may not have equal reactivity from one metal to another.
Therefore, a deeper investigation of the fundamental properties
of the catalyst and its interaction with the sugar substrate is
necessary. For instance, Lopez-Ruiz et al. have demonstrated
the correlation between the rates of ECH of the carbonyl
group and the binding energy between the aldehyde molecule
and the metal.9 Furthermore, the ECSA and hence the
roughness factor were observed to increase for the Ag, Cu, and
Zn catalysts over the course of the ECH reactions (see Table
S5), while those for Au and Pt remained constant. This
indicates that the Ag, Cu, and Zn catalysts undergo surface
structural changes during ECH reactions, which makes the
assignment of ECSA to obtain normalized activities more
difficult for these metals. SEM analysis of the spent Ag and Cu
catalysts confirmed these modifications in the surface
morphology (Figure S19). For the spent Ag, the spaces
between the ligaments became larger, giving higher porosity to
the bulk structure (Figure S19a). For the spent Cu catalyst,
smaller nanostructures developed over the initially formed
cuboid structures (Figure S19b), similar to that observed by
Chen et al. during CO2 electroreduction over Cu meso-
crystals.41 The apparent increase in porosities may have
contributed to the increase in double-layer capacitance in the
spent Ag, Cu, and Zn and therefore the resulting ECSA. In
contrast, the Sa values measured for the spent Ag, Cu, and Zn
catalysts by confocal microscopy were lower than those
obtained before the catalytic tests. This is possibly due to
the increased surface homogeneity in the spent catalysts.
Meanwhile, the Sa for Au remained the same and slightly
decreased for spent Pt. The overall trend in Sa values, however,
was the same as for the freshly prepared catalysts.
From the catalytic results, it was demonstrated that a Cu

catalyst with suitable roughness would be active toward sugar
hydrogenation, especially for xylose ECH. Bulk Cu metal was
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one of the earliest metals used as an electrocatalyst for organic
reduction alongside Ni50,51 and has been studied for the ECH
of various substrates.9,52−54 Furthermore, the activity of the
roughened Ag and Zn metals toward deoxygenation of xylose
is also notable, which invites the exploration of these catalysts
for the valorization of monosaccharides.
3.3. Reaction Pathways for Glucose and Xylose ECH.

The reaction pathways for the conversion of glucose and xylose
are illustrated in Scheme S1. As ECH reactions were carried
out under HER conditions, the hydroxide ions formed from
water electrolysis (eq 1) and HER (eq 3) provide alkalinity in
the vicinity of the catalyst surface. Under basic conditions,
there is increased mutarotation of sugars involving their linear,
electroactive form.55 Consequently, glucose and xylose can
isomerize into fructose and xylulose via the Lobry de Bruyn−
Van Ekenstein mechanism involving an endiol intermediate.
This would result in an increase in the concentration of the
ketose isomer of the sugars on the surface of the catalyst as well
as in the bulk solution. Direct hydrogenation of glucose yields
sorbitol, while hydrogenation of fructose would produce both
sorbitol and mannitol (Scheme S1a) as observed on the rough
Cu catalyst. Hydrogenation of the endiol form of glucose
would also yield both sorbitol and mannitol. The same
hydrogenation mechanism would apply to xylose ECH which
produces xylitol from xylose and both xylitol and arabitol from
xylulose. Experimental results showed that xylitol was formed
over all of the studied metal catalysts, while arabitol was
formed only on Ag, Cu, and Zn. Considering that fructose and
xylulose are the precursors to mannitol and arabitol,
respectively, the reactivity of these ketoses toward ECH
therefore also depends on the property of the metal catalyst.
Based on LSV results for Ag, Au, and Cu, which suggest that
ECH occurs concurrently with HER, the mechanism for sugar
hydrogenation would involve the addition of chemisorbed
hydrogen to the adsorbed substrate. However, for the Zn
catalyst, LSV experiments showed that the HER was more
facile than either glucose or xylose ECH. Therefore, direct
electroreduction of sugars via the PCET mechanism could be
the plausible route. To probe this, we carried out ECH tests
using rough Zn catalyst at a potential (−0.69 V) with no
observable HER (Table S6). Small amounts of sorbitol (0.59
mM) and xylitol (5.43 mM) were observed, which confirms
that direct proton and electron transfer mechanisms are

possible for the reduction of sugars at least for the rough Zn
catalyst.
Further hydrodeoxygenation of the formed sugar alcohols

would produce the deoxy sugar products. Significant amounts
of 2-deoxylitol were observed from the ECH of xylose on Ag
and Zn. However, 2-deoxysorbitol was not detected on any of
the catalysts during glucose ECH. The sequential hydro-
genation and hydrodeoxygenation reactions are proposed for
the formation of 2-deoxylitol starting from xylose (and possibly
for 2-deoxysorbitol from glucose) as seen from Scheme S1.
The same reaction pathway would apply for the ketose
substrates (xylulose and fructose), which leads to the same
deoxygenated products. However, the alternative reaction
pathway, which involves hydrodeoxygenation as the first step
followed by hydrogenation, cannot be ruled out. This would
involve an initial hydrodeoxygenation of glucose or xylose to
form 2-deoxy-D-glucose and 2-deoxy-D-xylose, respectively, and
subsequent hydrogenation of the carbonyl group to form the
deoxy sugar products.
Based on the experimental results, the reactivity of sugars

toward ECH and the selectivity to different reaction products
depend primarily on the chemical nature of the metal catalyst.
The presence of hydroxide ions is essential to increase the rate
of mutarotation of sugars and make them electroactive.
However, too much alkalinity gives rise to undesired side
products. On the other hand, operating under HER conditions
is necessary to provide chemisorbed hydrogen that is active
toward hydrogenation, which then depends mainly on the
applied potential. Therefore, the applied potential and pH of
the reaction solution must be controlled to optimize the sugar
ECH rate and product selectivity.
3.4. Effect of Reaction Parameters on Sugar ECH over

Rough Cu. As high activity and selectivity toward sorbitol and
xylitol formation were observed with the rough Cu catalysts,
ECH reactions were studied further on this catalyst to observe
the effects of pH and applied potential on sugar conversion and
FE. Electrolysis experiments using the Cu catalyst were carried
out in a single-compartment electrochemical cell with pH
control as described in Section 2.5. This electrochemical setup
allows us to maintain the pH of the bulk solution during
electrolysis while keeping the necessary alkalinity within the
vicinity of the electrode surface due to the accompanying HER.
The pH of the reaction solution can also be controlled using

Figure 6. Faradaic efficiencies of glucose (a) and xylose (b) ECH products over a rough Cu catalyst. Constant-potential electrolyses were carried
out in 0.1 M glucose or xylose with 0.1 M Na2SO4. The pH of the reaction solution was maintained at pH 7 at 25 °C with a stirring speed of 500
rpm.
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buffer solution (e.g., borate buffer); however, it was only
suitable for short-term electrolysis where the HER-induced
alkalinity can be neutralized within the buffer capacity. Analysis
of the products from the single-compartment ECH setup did
not show sugar oxidation products as the counter electrode
(activated carbon) did not contain metal and the reaction
conditions (moderate temperature, pH) were not favorable for
sugar electro-oxidation.
Xylose ECH was initially studied at three different pH

conditions (pH 5, 7, and 9) with a constant applied potential
of −1.0 V. As shown in Figure S20, the highest FE was
recorded at pH 9 (24.2%) followed by pH 7 (20.9%) and pH 5
(15.9%). The positive effect of higher pH was also observed in
glucose ECH wherein higher conversion was achieved at more
alkaline pH.31 This illustrates the significance of surface
alkalinity in promoting the reactivity of sugars. However, a
significant amount of xylulose was formed at pH 9 (0.03 mM)
from the isomerization of xylose, while negligible amounts of
xylulose were observed at pH 5 and 7 (Figure S20).
Furthermore, arabitol formation was observed only at pH 7
and pH 9, which would indicate that higher selectivity toward
xylitol formation could be achieved at lower pH.
Since appreciable FE was achieved at pH 7 with negligible

formation of ketose side products, constant-potential elec-
trolysis experiments were preferentially done at this pH level.
Glucose or xylose ECH was carried out at applied potentials of
−0.4, −0.7, and −1.0 V (vs RHE). The electrolysis data are
presented in Table S7, and FEs toward the hydrogenation
products are illustrated in Figure 6. As earlier observed during
catalyst screening, the FE toward ECH was higher for xylose
than for glucose. For glucose ECH (Figure 6a), higher FE for
sorbitol was observed at −0.7 V (2.2%) than at −1.0 V (1.4%),
indicating slightly higher reaction selectivity toward the HER
at −1.0 V. Similar FEs for mannitol formation was observed at
−0.7 V (0.64%) and −1.0 V (0.61%). The lowest glucose ECH
activity was observed at −0.4 V due to the lower extent of
HER. On the other hand, for xylose ECH (Figure 6b), the FE
for xylitol formation increased as the applied potential became
more negative and was highest at −1.0 V (21.3%). This
suggests that xylose ECH becomes more efficient with more
negative applied potentials, possibly due to the greater
availability of the linear (electroactive) form of the xylose
substrate from the increased level of mutarotation of the sugar
(Scheme S1b). The FE for arabitol formation somewhat
decreased going from −0.4 V (1.8%) to −1.0 V (1.1%), which
may indicate higher selectivity toward xylitol production than
arabitol at more negative applied potentials. Compared to
previous studies, higher sorbitol FE was obtained using Raney
Ni catalyst (57%, pH 3−6),28 and poor HER catalysts such as
Zn (21%, pH = 7)20 and Pb(Hg) (15%, pH = 7)20 for the
ECH of glucose in a batch configuration. For xylose ECH,
Jokic et al. reported a high xylitol FE (>80%, pH 8−8.5) using
a Zn(Hg) catalyst.56 Using a carbon nanotube (CNT)-
supported catalysts, Fei et al.57 obtained sorbitol FEs of 58%
(pH = 11) on Zn and 57% (pH = 11) on ZnFe alloy. In our
previous work on sugar ECH over mesoporous carbon-
supported Au nanocatalysts,30 a sorbitol FE of 1.2% was
obtained for a sorbitol yield of 2.5%, while a xylitol FE of 1.2%
was achieved for a xylitol yield of 1.3%.
The significant differences in product yields and FEs

between glucose and xylose ECH indicate a difference in
reactivity between glucose and xylose under identical reaction
conditions by using the same roughened Cu catalyst. This was

also observed during the metal screening on all of the metal
catalysts studied. A difference in ECH reactivity between
glucose and xylose was also observed in our earlier study,30

wherein a steady increase in FE toward sorbitol production was
observed as the applied potentials became more negative, while
the opposite trend was observed for xylitol FE. The difference
in reactivity was observed to be related to the extent of HER in
the presence of glucose or xylose in solution, as studied using
in situ FTIR-ATR spectroscopy. These suggest a difference in
kinetics between glucose and xylose ECH, which also varies
with the catalyst being used.
Considering the overall ECH data, the optimum conditions

for ECH of these sugars over a Cu catalyst would involve
sufficiently negative applied potentials to promote water
electrolysis (and, thereby, ECH) and neutral or slightly acidic
pH conditions to prevent the formation of ketose side
products. The present data provide bases for developing
more efficient reaction systems for glucose and xylose ECH. A
natural step forward would be to employ supported Cu
nanocatalysts to increase the catalyst surface area and,
therefore, provide more active sites for sugar ECH.

4. CONCLUSIONS
The ECH of glucose and xylose was studied on electrochemi-
cally roughened Ag, Au, Cu, Pt, and Zn metal catalysts.
Characterization of the roughened metals showed that
electrochemical estimates of surface roughness were consistent
with values obtained from physical measurements (i.e.,
confocal white light microscopy). Besides sorbitol, mannitol
was produced over the rough Cu metal presumably from the
hydrogenation of fructose. Similarly, arabitol was formed
alongside xylitol over Ag, Cu, and Zn, possibly from xylulose as
precursor. Aside from hydrogenation products, significant
amounts of 2-deoxyxylitol were also observed during xylose
ECH over the rough Ag and Zn catalysts. The results obtained
illustrate the dependence of the rate of sugar ECH on the
property of the metal catalyst, as well as the selectivity toward
hydrogenation or deoxygenation products. Furthermore, the
yields for the hydrogenation products were higher for xylose
ECH than those for glucose in all of the studied catalysts. This
may be related to the difference in the extent of HER in the
presence of these sugars, as previously observed in our earlier
study involving mesoporous carbon-supported Au nano-
catalysts.
As the overall rates of glucose and xylose ECH were highest

over rough Cu, the effects of different reaction conditions were
studied using this catalyst. Higher pH was observed to
promote ECH, but excess alkalinity led to the formation of
side products. ECH in slightly acidic pH increased the
selectivity toward xylitol production, however, at the expense
of current efficiency. Therefore, maintaining the reaction
solution at a neutral pH would provide appreciable FE while
minimizing side reactions. In terms of the applied potential, the
FE for xylitol production increased with more negative applied
potentials and was highest at −1.0 V (21.3%), while the
highest FE for sorbitol formation (2.2%) was observed at a less
negative potential (−0.7 V). This illustrates that while a higher
potential is required to increase the amount of chemisorbed
hydrogen available for ECH, the rate of ECH would also
depend largely on the reactivity of the substrate molecule. The
results presented in this study provide valuable insights into
improving catalytic systems for ECH of sugars by identifying
selective catalysts and suitable reaction conditions.
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